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ABSTRACT
Piperidine (NHCsHio) forms two types of air sensitive com-
/
plexes with R3M (R a Me, Et, .IBu; M = Al, Ga, In). One type with the 
general formula, R3MNHC5Hio» Is monomeric; the other, with a general 
formula, (R^NCsHioJiS* is dimeric. 8-Quinolinol (CgH^TOH) also forms 
a series of air sensitive complexes with R3M. These complexes were 
prepared, isolated, and characterized. Infrared, NMR, mass spectros­
copy, ultraviolet spectroscopy, elemental analysis, and vapor pressure 
osmometry were used to characterize and study the complexes.
The piperidine monomer is formed quantitatively by reacting 
piperidine and the metal alkyl in a 1:1 mole ratio. Heating the 
piperidine monomer causes quantitative dimerization of the monomer to 
the dimer with the loss of the imino hydrogen atom and one alkyl group.
Dialkylmetal-8-quinolinolate is quantitatively prepared by 
reacting the metal alkyl and 8-qulnolinol. This reaction takes place 
through the loss of the acidic hydroxyl proton and one of the alkyl 
groups.
A comparison of the N-H stretch band of the infrared spectra 
of the various piperidine monomers indicates the strength of ligand- 
metal Interaction as Al >  Ga >  In when only the metal is varied and 
Me >  Et >ttJu when only the alkyl groups are varied.
Mass spectral fragmentation patterns for most of the com­
plexes have been determined. The molecular weights of the piperidine 
dimers and the dialkylmetal-8-quinollnolates were determined from the 
appearance of either a molecular ion, a molecular ion - H and/or a 
molecular ion-alkyl fragment in their mass spectra.
xi
Charge transfer bands were present in the ultraviolet 
spectra of the dialky1-8-quinolinolate complexes. These bands indi­
cate a transfer of electrons from the TT cloud of the ligand to vacant 
outer orbitals of the metal atom.
NMR spectroscopy was used for characterization of the com­
pounds for deducing inductive and field effects present in the com­
pounds. Several inductive and field effect trends were observable 
within a series and between series of compounds. Characterization 
was accomplished by means of integration and double-irradiation 
techniques.
xii
CHAPTER I 
INTRODUCTION
Relative to the research done on the coordination chemistry 
of the transition metals, little research has been done on the coor­
dination chemistry of the Group IIIA metal alkyls. Because of their 
applications in industry, the chemistry of boron alkyls and aluminum 
alkyls has been investigated to a greater extent than that of the 
other Group IIIA metal alkyls. There should be a great difference 
between the chemistry of boron alkyls and the chemistry of the re­
maining metal alkyls of Group IIIA. Consequently, it seemed advisable 
to study the coordination chemistry of the alkyls of aluminum, gallium 
and indium. A comprehensive review of the organometallic chemistry of 
Group IIIA metals is given by Coates, Green, and Wade. 1
Although metal alkyl chemistry has received considerable at­
tention only in the last fifteen years, trimethylaluminum was first 
prepared over a century ago by Buckton and Odling. 2 The associative 
properties of trimethylaluminum were also observed at the same time. 
The recent growth in aluminum alkyl chemistry is to a large extent due 
to Ziegler. 3
With very few exceptions, the metal alkyls and their deriva­
tives are highly reactive to air and moisture, and many of them are 
spontaneously flanmable. The handling and safety precautions are 
described in a bulletin available from the Ethyl Corporation. 4 Due to 
the pyrophorlc nature of the alkyls, it is necessary to use an inert- 
atmosphere dry box and/or a hlgh-vacuum line whenever these compounds 
have to be transferred from one container to another.
1
2There are various ways to prepare the metal alkyls. However, 
the heavier metal alkyls are best prepared from the aluminum alkyls. 
The aluminum alkyls can be obtained commercially; laboratory prepara­
tion is not always practical.
The original method used by Buckton and Odling2 was the 
heating of metallic aluminum with an organomercury compound.
2M + 3R2Hg - 2R3M 
(M = Al, Ga, In)
Aluminum alkyls can be prepared in the laboratory by first 
preparing alkylaluminum sesquihalides, 5
2A1 + 3RX - R3AI2X3 ,
and then reacting alkylaluminum sesquihalides with sodium metal to 
form the aluminum alkyl, metallic aluminum and sodium halide salt.
R a A l ^  + 3Na -* R3AI + Al + 3NaX
The well-known direct synthesis of trialkyls,
Al + 3/2 H2 + 3 (1-olefin) - (Alkyl )qM  \
is extensively used by industry for the manufacture of triethyl, tri­
isobutyl and tri-n-propylaluminum. This process resulted from the 
discovery that olefins containing terminal «CH2 groups (l-olefins) 
react with aluminum hydride.
In this work, the gallium and indium alkyls were prepared 
from the metal trichloride, the appropriate aluminum alkyl, and potas­
sium chloride. 6 »7
MC13 + 3AIR3 + 3KC1 - MR3 (80$) + 3K(A1R2C12)
(R - Me, Et, iBu) (M * Ga, In)
A recent review8 of Group IIIA organometallic chemistry has 
covered the main types of metal alkyl reactions. The eight most 
popular types of metal alkyl reactions will be discussed.
1) Metal alkyls as alkylating agents. Reactions of the type
M'Ra + MX3 -* M'X3 + MR3
in which X is a halogen or some other relatively electronegative group 
are sometimes quite attractive methods for preparing other metal alkyls 
For example, alkylation of borate esters gives excellent yields of R3B.
B(0Et) 3 + EtjjAl - Al(0Et) 3 + Et3B (>90$)
In these reactions there is often difficulty in transferring all of the 
alkyl groups from the metal alkyl to the other element.
2) Metal alkyls as reducing agents. The preparation of 
metal carbonyls from metal halides and carbon monoxide10 illustrates 
the reducing power of the metal alkyls.
CrCl3 + Et^O + EtgAl -G2-> Cr(C0) 6
3) Reactions with acetylenes. The reactions of metal
alkyls with alkynes may take one of two paths depending on the metal
and/or the alkyl. Triethylgallium reacts with terminal acetylenes11 
in the following manner:
Et3Ga + HC=CR - EtsGafcsCR) + EtH;
while triethylalumlnum adds to acetylene: 12
Et3Al + HC=CH -* EtaAlCH“CHEt.
4) Reaction with olefins. Reaction of aluminum alkyls with 
olefins is an industrial process for polymerization of olefins. Alum­
inum alkyls are used in preference to gallium or indium alkyls because 
the cost and reaction conditions favor the aluminum compounds. The 
reaction proceeds by insertion of the olefin between the metal and 
the alkyl group previously attached to the metal. The reaction takes 
place in the following manner.
c2h5 ch2-ch2C2H5 (c2h4) *c2h5
/ c2h4 /  c2h4 /, .m
M^C2H^-^-5W-C2H5--------^ - » ^ ( C 2H4)n-C2H5
c2h5 c2h5 (c2h4)0 *c2h5
In order to obtain the free polymer, the carbon-metal bond is hydro­
lyzed .
5) Thermal decomposition. Most of the metal alkyls decom­
pose between 200-300° C. Decomposition generally produces alkenes 
from the alkyl groups.
6) Anionic coordination complexes. These complexes are 
prepared by reacting either lithium, sodium, or potassium metal 
directly with an aluminum alkyl in a hydrocarbon solvent. The result­
ing complexes, Li(AlR4), Na(AlR4), and K(AlR4), show increased ionic 
character as the metal is changed from lithium to potassium. The 
potassium complex can be classified as a salt because of its strong 
ionic character. The ionic character is observed in the solubilities 
of the complexes. The lithium and sodium complexes are fairly soluble
in nonpolar saturated hydrocarbon solvents, whereas the potassium 
complex Is almost Insoluble.
7) Coordination complexes with ligands not containing an 
acidic hydrogen. The metal alkyls are very strong acceptors and 
readily form complexes in which the metal is four-coordinate. Five- 
coordinate metal alkyl complexes have been isolated, 13 but they are 
rare. Complexes are formed with such ligands as NRq, PR3 , 0R2, SR2j 
SeR2, TeR2, and AsR3. Formation of these complexes is usually exo­
thermic .
8 ) Coordination complexes with ligands containing an acidic 
hydrogen. This Dissertation describes some new complexes with ligands 
containing an acidic hydrogen. These new metal alkyl complexes in­
corporate piperidine (NHCgHxo) and 8-quinolinol (CgHoNOH). Piperidine 
forms two series of complexes. There is a 1:1 complex, (R3M NHCsHxo) > 
(R3MPip), designated as the monomer; upon heating, the monomer elimi­
nates an alkane
R3M - NHC5H10 — >  (R2MNC5Hio) 2 + 2RH t
to form a dimer (R^lPip/)2.
Pip “ HNCH2CH2CH2CH2^H2
Pip# » •NCH2CH2CH2CH2CH2
M * Al, Ga, In
R ■ Me, Et, JLBu
The two piperidine series are similar to the corresponding
complexes formed from dimethylamine.14>1S Various other secondary
amines reportedly will form the monomer and dimer series. 1 However, 
very few studies have included a complete spectral analysis of the 
complexes. The literature contains very few examples of NMR or mass 
spectra of these types of compounds. The purpose of this work is to 
fill this Information gap in the case of piperidine.
The 8-quinolinol ligand forms a series of complexes through 
the loss of an alkane to give the complex dialkylmetal-8-quinolinolate
CsHqNOH + R3M - R^CcjHeNO + RH 
M = Al, Ga, In
R = Me, Et, jLBu
(abbreviated in the tables and figures as R^IQ). This is a new type 
of ligand system for the metal alkyls. A paper on the diethylgallium- 
8-quinolinolate has been published. 13
Various other ligands which contain an acidic hydrogen form 
complexes with metal alkyls. Examples of such ligands are alcohols, 
organic acids, HCN, oximes, hydrazines, phosphines, arslnes, etc. In 
some cases., polymers or large oligomers may be the major product. As
a result, a number of ligands were used before thefsrwere found two
ligands that did not cause polymerization under the reaction condi­
tions used in this work.
CHAPTER II 
EXPERIMENTAL
A. GENERAL EXPERIMENTAL TECHNIQUES
Alkyls of aluminum, gallium and Indium are extremely sensi­
tive even to trace concentrations of oxygen, moisture, and vapors of 
polar solvents. Therefore, all preparative and manipulative opera­
tions were carried out in a dry box and/or vacuum line.
When available, commercial ultra-pure nitrogen or argon was 
used; when necessary, the inert gas was dried and deoxygenated by 
passing it through a train of oxygen scavenging and drying columns.
The nitrogen purification system consisted of one column of metallic 
copper turnings heated to 200° C, one column of Harshaw's copper cata­
lyst also heated to 200° C, one column of kh Union Carbide molecular 
sieve, one column of color-coded silica gel, and two short columns of 
phosphorus pentoxlde followed by a terminal fiberglas filter. The two 
copper catalyst columns could be regenerated by passing hydrogen 
through the hot columns and thus reducing the copper oxide to metallic 
copper and water. The silica gel and molecular sieves could be re­
generated by heating and subsequent evacuation. The dry box was 
equipped with a port in which any object entering the box could be 
either flushed with nitrogen or evacuated before it was placed inside 
the dry box. Purification of the box atmosphere was possible by re­
cycling the box atmosphere through the nitrogen purification system 
and back into the dry box.
The high-vacuum line consisted of a mechanical forepump, a 
two-stage mercury diffusion pump, and three liquid nitrogen traps.
7
For flushing purposes, the vacuum line was also connected to the 
nitrogen purification system.
Most of the glassware was designed and fabricated to enable 
evacuation and introduction of nitrogen and prevent exposure to air.
These precautions were necessary because the metal alkyls, 
when exposed to more than a trace of oxygen and/or moisture, do not 
merely decompose but decompose violently. In addition, the products 
of the reactions are generally sensitive to oxygen and moisture to 
varying degrees. The potential reactions with oxygen and water re­
quired that all transfers be carried out in the dry box or in the 
vacuum line; therefore, all manipulations such as preparative reac­
tions, loading infrared cells, NMR tubes, etc., were done in the dry 
box.
All solvents and reagents used in the reactions with metal 
alkyls were made as scrupulously free of oxygen and moisture as pos­
sible. The solvents and liquid reagents were dried with calcium 
hydride, distilled under nitrogen, and subsequently stored over 
calcium hydride in the dry box.
Glassware used either for carrying out the reactions or for 
storing the products was heated in the oven and evacuated in the port 
before it was used.
B. STARTING MATERIALS
1) Metal Chlorides
Anhydrous gallium and indium trichloride were starting 
materials for the preparation of their respective alkyls. Gallium
Ingots (t^ iN) and indium powder (mlM) were purchased from Alfa Inorganics. 
According to Eisch*3 the method of preparation of both chlorides is 
identical; therefore, the general preparation will be described. The 
direct reaction of chlorine with the metal was used to prepare the 
gallium and indium trichlorides.
2M + JC12 - 2MC13 + heat
(M = Ga, In)
A specially designed apparatus was used to prepare the metal 
chlorides because of their extreme sensitivity to moisture. It was 
also necessary to keep the metal surface free from the chloride so 
that the reaction could continue uninterrupted.
The metal was placed in the dimple of the reaction tube, and 
the apparatus was assembled. The apparatus was then evacuated and 
flushed repeatedly with argon. Chlorine was slowly introduced to dis­
place the argon. Generally, the reaction started spontaneously; how­
ever, slight heating to initiate the reaction was occasionally neces­
sary. The highly exothermic reaction was controlled by careful ad­
justment of the chlorine flow rate. As the metal chloride formed it 
sublimed to cooler parts of the apparatus. After the reaction was 
completed, the sealed apparatus was transferred into the dry box where 
the excess chlorine was evacuated. The reaction gave a quantitative 
yield of the metal chloride.
Gallium trichloride was also prepared by an alternate pro­
cedure described by Johnson and Haskew. 17 In this method, dry hydrogen 
chloride gas was used instead of chlorine gas.
2Ga + 6HC1 - 2GaCl3 + 3H2
The experimental procedure was Identical to that of the 
preparation with chlorine gas; however, the hydrogen chloride method 
was much slower and was used only once.
a) Gallium Trichloride with Chlorine
10.0 Grams (0.143 mole) of gallium was placed in the reac­
tion apparatus and was subjected to an excess of dry chlorine gas.
The yield (25.2 grams) was quantitative.
b) Gallium Trichloride with Hydrogen Chloride
10.0 Grams (0.143 mole) of gallium was placed in the reac­
tion apparatus and an excess of dry hydrogen chloride gas was allowed 
to react with it. The yield (25.2 grams) was quantitative.
c) Indium Trichloride with Chlorine
5.0 Grams (0.033 mole) of indium was inserted into the reac­
tion apparatus and subjected to an excess of dry chlorine. A quanti­
tative yield of 7 .4  grams of Indium trichloride resulted.
2) Metal Alkyls
Aluminum alkyls are necessary for the synthesis of analogous 
gallium and indium alkyls. Trimethyl and triethylaluminum were ob­
tained from Alfa Inorganics and were used without further purification. 
Tri-isobutylaluminum was donated by the Ethyl Corporation and was also 
used without further purification.
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a) Gallium and Indium Alkyls
The gallium and indium alkyls were prepared with only slight 
modification according to the methods described by Eisch. 6 The method 
of preparation of trimethylgallium was developed by the author. The 
metathetic reactions involved in the method adopted for the prepara­
tion of alkyls in this work follow.
(M = Ga, In) (R - Me, Et, i.Bu)
MC13 + 3A1R3 MR3 (k0%) + 3AlR^Cl (1)
MCI3 + 3AIR2CI M(AIR2C12 )3 (2)
Net (1+2) 2MC13 + 3AIR3 MR3 (1<0#) + M(A1R2C12 ) 3 (3)
Add KC1 MCAlRaClsJa + 3KC1 "* MC13 + 3K(AlR2Cl2)
L[Reacts as in (l)]
Final Net MC13 + 3AIR3 + 3KC1 - MR3 (80$) + 3K(A1R2C12)
The added potassium chloride freed that portion of metal 
chloride which was complexed as m(a1R2C12 ) 3 in the manner of reaction 
(3 ). Once the metal chloride was free, it reacted in the manner of 
equation (l) to produce more metal alkyl.
All of the metal alkyls were prepared in a similar manner. 
Therefore, a general procedure for preparation of the metal alkyls is 
described here.
Dried and degassed potassium chloride, metal chloride, dry 
pentane, and the appropriate aluminum alkyl were transferred into the 
dry box. The metal chloride was partially dissolved in 50 ml of the 
pentane. A weighed amount of aluminum alkyl (3 moles of aluminum
12
alkyl to 1 mole of metal chloride) and 20 ml of pentane for dilution 
were placed In a pressure-equalizing separatory funnel. The funnel 
was attached to the reaction flask containing the metal chloride 
solution, and the aluminum alkyl was allowed to drip slowly Into the 
metal chloride solution. Immediately there was observed a strongly 
exothermic reaction which caused first the pentane to boil and then a 
light gray suspension to form. The suspension appeared to be a small 
amount of metal reduced from the metal trichloride. After the reac­
tion mixture was heated for an hour, a weighed amount of potassium 
chloride (3 moles of potassium chloride to 1 mole of metal chloride) 
was added. The solution was then refluxed for 1 hour, and afterwards 
the pentane was removed under reduced pressure. After the pentane 
was removed, the metal alkyl was vacuum distilled, and, depending on 
the alkyl being prepared, a 60-90$ yield was obtained. Whenever the 
boiling points of gallium and indium alkyls were not sufficiently 
different from the boiling points of the corresponding aluminum alkyl, 
they were separated from the aluminum alkyl by complexatlon of the 
aluminum alkyl with sodium fluoride. The gallium or indium alkyl was 
then distilled from the mixture.
b) Trimethylgallium
I5 .3  Grams (0.213 mole) of trimethylaluminum was cautiously 
added over a period of 30 minutes to 1 2 .3 grams (0 .0 7 1 mole) of gal­
lium trichloride partially dissolved in 30 ml of dry pentane. After 
the exothermic reaction had ceased, 2 0 .0 grams of potassium chloride 
was added while the solution was refluxing. After the solution had
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refluxed an hour, the pentane and trimethylgallium were distilled 
over in one fraction (37 -56°, 760 mm). Trimethylgallium (b.p. 560 ) 1 
was not separated from the pentane because the subsequent reactions 
also used pentane as a solvent.
c) Triethylgallium
h8 .8  Grams (0.1(28 mole) of triethylaluminum was slowly 
added over a period of 30 minutes to 2 5 .2 grams (O.I63 mole) of gal­
lium trichloride partially dissolved in 50 ml of dry pentane. When 
the exothermic reaction had ceased, the solution was refluxed while 
57*5 grams of potassium chloride was added. Thereafter, the pentane 
was evaporated by heating the solution at 1250 for 1 hour and then 
the residue was vacuum distilled. Triethylgallium distilled at 
117-118° (320 mm) . 6
d) Tri-isobutylgallium
1(2.2 Grams (0.213 mole) of tri-isobutylaluminum was slowly 
reacted over a period of 30 minutes with 1 2 .5 grams (0 .0 7 1 mole) of 
gallium trichloride partially dissolved in 30 ml of dry pentane.
When the exothermic reaction subsided, 20.0 grams of potassium 
chloride was added, and the solution was refluxed for 1 hour. The 
pentane was evaporated, and the residue was distilled under reduced 
pressure to yield tri-isobutylgallium at 71-75° (10 mm). Redistil­
lation over solid sodium fluoride gave pure tri-isobutylgallium (b.p. 
67-69°, 5 mm) . 6
e) Triethylindium
In a manner similar to the preparation of the gallium alkyls,
1 1 .3  grams (0 .0 9 9 mole) of triethylaluminum was slowly added over a
period of 30 minutes to J .k  grams (0 .0 3 3 mole) of indium trichloride 
partially dissolved in 30 ml of dry pentane. Before the warm solu­
tion cooled, 8 .0 grams of potassium chloride was introduced into the 
reaction system, and the solution was refluxed for 1 hour. After the 
removal of the pentane, the residue was vacuum distilled to yield the 
main fraction at 75-85° (5 mm). Redlstlllatlon of the triethylindium 
gave a main fraction boiling at 65-70° (5 mm). Triethylindium ap­
peared to be light-sensitive. Indium was reduced to the metallic 
form and settled to the bottom of the flask as fine gray particles 
when the product was exposed to light for a long period.
1 f) Tri-isobutylindium
The addition of I9 .6  grams (&O99 mole) of tri-isobutyl- 
aluminum to a suspension of 7*^ grams (O.O33 mole) of Indium trichlo­
ride in 50 ml of dry pentane was carried out over a period of 1|0 
minutes. The reaction was only moderately exothermic. The solution 
was refluxed for 1 hour after the addition of 8 .0 grams of potassium 
chloride to the reaction mixture. The pentane was removed, and there 
remained a gray, viscous liquid residue, which, upon vacuum distilla­
tion provided a main fraction at 78-83° (3 mm)« Redistillation of 
this product over 2 grams of dry, powdered sodium fluoride gave a 
main fraction boiling at $ 1 -$h0 (3 mm) . 6 Eisch6 maintains that this 
product corresponds to Al(C4H9 )3 :In(C4H9 )3. To free the indium alkyl, 
the main fraction was heated over ^ grams of dry, powdered potassium 
fluoride for 0 .5  hour. The potassium fluoride dissolved, and two 
liquid layers were formed. Distillation under reduced pressure re­
moved the upper layer as a pale yellow liquid boiling at 65-66°
l'»
(3 mm) . 6 Upon standing, the pale yellow liquid became gray, due to 
light-catalyzed decomposition of the indium alkyl to give indium metal 
in the same manner as that of triethylindium.
C. GENERAL METHOD FOR THE PREPARATION OF ALUMINUM, GALLIUM AND INDIUM
ALKYL PIPERIDINE COMPLEXES
1) Monomers
All operations and reactions were performed in the dry box. 
Both the metal alkyl and the piperidine were weighed to give reactants 
in a 1:1 molar ratio. The metal alkyl was dissolved in approximately 
30 ml of dry pentane and introduced into the reaction flask. The 
piperidine was dissolved in approximately 20 ml of pentane and trans- 
ferred to a pressure-equalizing separatory funnel. The pentane, heated 
by the highly exothermic complexation reaction, started boiling shortly 
after the slow addition of piperidine began. At a gentle reflux, pen­
tane maintained a constant temperature (37°)> and prevented dimeriza- 
tion of the piperidine complex. Upon completion of the addition of 
piperidine solution, the pentane was removed by evacuation, leaving 
the metal alky 1-piperidine complex designated as the monomer. The 
yield was quantitative.
2) Dimer
The monomer was placed in a reaction flask and was slowly 
heated until an optimum temperature for dlmerization was reached. 
Optimum temperatures at which the monomers dimerized varied from one 
monomer to another. At this "dlmerization temperature" the monomer
lost one of the alkyl groups as well as the labile hydrogen on the 
piperidine nitrogen to form the appropriate alkane. The foaming 
caused by the escaping alkane allowed the dlmerization to be easily 
observed. Complete dlmerization required at least 3 hours at the 
dlmerization temperature, and heating was continued until the foaming 
ceased. In a number of cases the escaping alkane was trapped by 
freezing for identification by mass spectroscopy.
3) Preparation of Piperidine Complexes
a) Trimethylaluminumpiperldine Monomer
5.95 Grams (0,083 mole) of trimethylaluminum in 30 ml of dry 
pentane was slowly treated with 7«1 grams (OJO83 mole) of dry piper- 
idene dissolved in 20 ml of dry pentane. The resulting reaction was 
extremely exothermic. After the reaction was complete the pentane
R3M + NHC5H10 "* Heat + R3MNHC5H10
monomer
2R3MNHC5Hio + Heat (R^NC5H10) 2 + 2RH t
(M ■ Al, Ga, In) (R » Me, Et, iBu)
v <
was removed by vacuum evaporation, and white needle-like crystals 
(m.p. 63°) were formed. These crystals decomposed to give a reddish- 
brown substance when they were exposed to air.
b ) Dimer
Trimethylaluminumpiperidine monomer was heated to 110-120° 
for ^ hours. Evolution of methane was first noted at 100°; however, 
the rate of dlmerization increased at a slightly higher temperature.
When dlmerization was complete, the liquid dimer was allowed to cool 
and to crystallize into white crystals (m.p. 70°). These crystals 
were also sensitive to air.
c) Trlethylalumlnumplperidine Monomer
6.75 Grams (0.059 mole) of triethylaluminum dissolved in 
30 ml of dry pentane was slowly reacted with 5 .lh  grams (0 .0 5 9 mole) 
of dry piperidine dissolved in 20 ml of pentane. The subsequent 
reaction was very exothermic. The pentane was then removed at reduced 
pressure, and a viscous colorless liquid was left. The liquid was 
highly sensitive to oxygen and moisture.
d) Dimer
Triethylaluminumpiperidine monomer was heated to 11j0°, and 
dlmerization was completed in about k hours. The dimer at room temper­
ature was a colorless, very viscous liquid, and was sensitive to air. 
This compound had unusual physical properties in its condensed state. 
When the compound was prepared it was a liquid; however, it would 
partially solidify either when it was drawn into a syringe or when 
the flask was scratched. Nevertheless, it would not solidify completely 
at -78°.
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e) Tri-isobutylaluminumpiperidine Monomer
1.29 Grams (O.OI5 mole) of piperidine dissolved In 20 ml of 
pentane was slowly added to 3 grams (O.OI5 mole) of tri-isobutyl- 
aluminum dissolved in 20 ml of pentane. A slightly exothermic reac­
tion was noted. At the completion of the addition the pentane was 
evaporated at reduced pressure and a colorless, viscous liquid re­
mained as the product. This product decomposed upon exposure to 
oxygen and moisture.
f) Dimer
The tri-isobutylaluminumpiperidine monomer was heated to 
the optimum "dlmerization temperature" of 110° for 3 hours. As the 
dimer cooled, it crystallized into a white crystalline solid (m.p.
65°). These crystals were sensitive to air.
g) Trimethylgalliumpiperidine Monomer
A slight excess of piperidine in 20 ml of pentane was slowly 
treated with the previously prepared trimethylgallium pentane solution. 
The reaction was very exothermic. Upon completion of the addition, 
the pentane and any excess piperidine were vacuum distilled from the 
reaction flask, and a white crystalline product (m.p. 38°) was formed. 
These crystals were sensitive to air.
h) Dimer
The trimethylgalliumpiperidine monomer was warmed to I850 
for k hours to complete dlmerization. This dimer was also a white 
crystalline product (m.p. 96°). The product was sensitive to oxygen 
and moisture.
i1
i) Triethylgalliumpiperidine Monomer
3 Grams (0.019 mole) of triethylgallium was dissolved In 
30 ml of dry pentane. I.6 3 Grams (0.019 mole) of piperidine dissolved 
In 20 ml of pentane was added slowly. The resulting reaction was very 
exothermic. After completion of the addition, the pentane was removed 
by vacuum evaporation and a viscous liquid with a slight yellowish 
tint remained. The complex decomposed when exposed to air.
j) Dimer
Triethylgalliumpiperidine monomer was heated at 175° for 4 
hours to accomplish complete dlmerization. The dimer at room tempera­
ture was a colorless, viscous liquid (b.p. 75°» 0*5 nnn)* Unusual 
melting point properties Identical to those of triethylaluminum were 
observed. Decomposition took place when the compound was exposed to 
air.
k) Tri-isobutylgalliumpiperidine Monomer
3 Grams (O.OI3 mole) of tri-isobutylgallium dissolved in 
20 ml of dry pentane was slowly treated with 1.05 grams (O.OI3 mole) 
of piperidine in 20 ml of pentane. The reaction was not as exothermic 
as the preceding ones. Upon completion of the addition, the pentane 
was removed by vacuum evaporation, and white, slushy crystals (m.p.
33°) were formed. The crystals were sensitive to air.
1) Dimer
The tri-isobutylgalliumpiperidine monomer was warmed to 170° 
for 3 hours in order to complete dlmerization. As the dimer cooled, 
it crystallized into white, slushy crystals (m.p. 58-6O0). The product 
was sensitive to oxygen and moisture.
tn) Triethylindlumpiperidlne Monomer
3 Grams (0.015 mole) of triethylindium in 20 ml of dry pen­
tane was slowly added to 1.27 grams (O.OI5 mole) of piperidine dis­
solved in 20 ml of pentane. A fairly exothermic reaction was noted. 
After the addition was completed, the pentane was evaporated by re­
duced pressure, and a slightly viscous, colorless liquid was left.
The liquid decomposed upon contact with air.
n) Dimer
The triethylindiumpiperidine monomer was heated to 120° for 
3 hours before dlmerization was complete. At room temperature the 
dimer was a colorless, viscous liquid. The liquid was sensitive to 
air.
o) Tri-isobutylindiumpiperidine Monomer
3 Grams (0.011 mole) of tri-isobutylindium in 20 ml of dry 
pentane was slowly treated with O .8 9 grams (0.011 mole) of piperidine 
also dissolved in 20 ml of pentane. At the conclusion of the addition, 
the pentane was removed by reduced pressure, and white, slushy crystals 
(m.p. 38-39°) were formed. These crystals decomposed when left in con­
tact with air.
p) Dimer
The tri-lsobutyllndiumpiperidine monomer began decomposition 
at 90°• The temperature needed for dlmerization was above 90°* there­
fore, the monomer decomposed before the dimer could be prepared. The 
decomposition Involved reduction of the compound to metallic indium in 
a manner similar to that of light-catalyzed reduction of the free 
Indium alkyl.
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D. GENERAL METHOD OF PREPARATION OF DIALKYIMETAL- B-QUINOLINOLATES
All preparative reactions were performed in the dry box. A 
weighed amount (calculated on the basis of a 1:1 adduct) of dried and 
degassed 8-quinolinol was dissolved In 20 ml of dry benzene and intro­
duced to a pressure-equalizing separatory funnel. The metal alkyl 
was weighed and dissolved In 20 ml of dry pentane (or benzene) in the 
reaction flask. The separatory funnel containing the 8-quinolinol 
solution was then attached to the reaction flask. The 8-qulnollnol 
solution was added slowly to the metal alkyl solution, and an exo­
thermic reaction resulted. The crystals of the product started to 
separate almost immediately. At the completion of the addition, the 
mother liquor was either decanted or evaporated by reduced pressure, 
and the yellow crystals were washed several times with pentane. The 
product was finally dried under vacuum.
A mixed pentane-benzene solvent system was preferred for the
purification and isolation of the product because of the sparing solu­
bility of the product in pentane. Higher solubility of the product in 
benzene ensured greater purity of the crystals. This series of com­
plexes appeared to be more stable towards oxygen and moisture than
were the piperidine series.
+ RH t + Heat
(M » Al, Ga, In) (R - Me, Et, .iBu)
As in the case of the piperidine dlmerization, the labile 
hydrogen of the ligand relieves the metal alkyl of an alkyl group to 
form an alkane in the process of forming the complex.
1) Preparation of Dialkylmetal-8-quinolinolates
a) Dimethylaluminum- 8-quinolinolate
4.04 Grams (0.028 mole) of 8-quinolinol dissolved in 30 ml 
of benzene was slowly added to 2 .0 grams (0 .0 2 8 mole) of trimethyl- 
aluminum dissolved in 30 ml of pentane. A very vigorous reaction 
that evolved methane was noted. The product was pale yellow crystal­
line solid (m.p. >  25O0) that was insoluble in most solvents. The 
crystals were washed with pentane and dried by evacuation.
b) Diethylaluminum-8-quinolinolate
2.0 Grams (0;017 mole) of triethylaluminum was dissolved in 
50 ml of benzene and was slowly treated with 2.54 grams (0 .0 1 7 mole)
of 8-quinolinol dissolved in 30 ml of benzene. A vigorously exothermic 
reaction that liberated ethane was observed, and bright yellow crystals 
(dec. I850) were formed. The crystals were washed with pentane and 
dried under vacuum.
c) Dl-i8obutylaluminum-8-quinolinolate
4.0 Grams (0.020 mole) of tri-isobutylaluminum dissolved in 
50 ml of dry benzene was slowly treated with 2 .9 0 grams (0 .0 2 0 mole)
of 8-quinollnol dissolved in 30 ml of dry benzene. A fairly exothermic 
reaction that evolved isobutane was noted. Yellow crystals (dec. 195°) 
began falling out of solution as the reaction cooled. The solvent was 
evaporated under vacuum; the crystals were then washed with pentane and 
were finally dried under vacuum.
d) Diethylgallium-8-quinolinolate
1 .8 6 grams (0 .0 1 3 mole) of 8-quinolinol dissolved in ;}0 ml 
of benzene was slowly added to 2 .0  grams (O.OI3 mole) of triethyl­
gallium dissolved in 50 ml of dry benzene. A vigorous reaction that 
evolved ethane was observed, and yellow crystals (m.p. 130-135°) were 
formed. The crystals were then washed with pentane and dried by evacu­
ation.
e) Di-isobutylgallium-8-quinolinolate
4.0 Grams (0.017 mole) of tri-isobutylgallium dissolved in 
30 ml of dry pentane was slowly treated with 2.34 grams (0 .0 1 7  mole) 
of 8-quinolinol dissolved in 30 ml dry benzene. Only a mildly exo­
thermic reaction that evolved isobutane was observed. After comple­
tion of the addition, the greenish-yellow crystals (m.p. 61°) that had 
formed were filtered, washed with pentane, and dried under vacuum.
f) Diethylindium-8-quinolinolate
The synthesis of this compound was attempted in a manner 
similar to the preceding ones; however, the crystals that were obtained 
could not be characterized.
g) Di-isobuty1indium-8-quinolinolate
4.0 Grams (0.014 mole) of tri-isobutylindium was dissolved 
in 30 ml of dry pentane and slowly treated with 2 .0 2 grams (0.014 mole) 
of 8-quinolinol dissolved in 30 ml of dry benzene. A slightly exother­
mic reaction with evolution of Isobutane was observed. The yellowish- 
green crystals (m.p. I6O-I6I0) were filtered, washed with pentane, and 
dried under vacuum.
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E. ELEMENTAL ANALYSIS
The analyses for carbon, hydrogen and nitrogen of the piper­
idine complexes were carried out by Galbraith Laboratories, Knoxville, 
Tennessee. The corresponding analyses of the more stable quinolino- 
late complexes were carried out by Mr. Ralph Seab of this Department.
The gallium complexes yielded the best analytical data.
Carbon assay has been slightly, but consistently, low in the case of 
the trlalkylaluminumpiperidine complexes. This tendency may be attri­
buted to the greater reactivity of this series of complexes and conse­
quent slight decomposition prior to analysis.
The indium alkyls underwent slow photolytic reduction, and 
fine particles of the metal were deposited. It was not always possible 
to separate these fine metallic particles from the product; the separa­
tion was especially difficult in the case of the piperidine complexes. 
This occlusion of metal naturally caused erratic data in the elemental 
analyses of the indium complexes.
The metal analyses were carried out by the author according 
to standard procedures prescribed by Kolthoff, Sandell, Meehan, and 
Bruchenstein. 18 All three metals of both series of complexes were 
quantitatively determined by precipitation of their 8-quinolinolates. 
The complexes were oxidized by means of boiling aqua-regia solutions 
to near dryness at least three consecutive times. The metal ions were 
then precipitated quantitatively with 8-quinolinol in the manner de­
scribed by Kolthoff, et al. The results of metal analyses were accept­
able in all cases.
TABLE I
ELEMENTAL ANALYSES OF PIPERIDINE COMPLEXES
Compound 0 C io H # N $ Metal
Me3AlPip 61.156 1 .0 9
12.74
12.63
8.92
8.97
17.20*
16.70
(MeaAlPip/ ) 2 61.76
43-59
8 .0 9
8.72
10.29
8 .2 8
19.85*
19.27
Et3AlPip 6 6 .5 36 3.1*2
13.07
12.33
7.04
8 .5 8
13.56*
13.69
(EtaAlPip/ )2 63.91
61.91
11.83
11.99
8 .2 8
8 .1 7
15.98*
15.89
iBu3AlPip 7 2 .0 8
6 9 .8 9
13.43
13.20
4.95
4.81
9.54*
9.70
(<iBuaAlPip/ ) 2 69.33
66.44
12.44
12 .54
6 .2 2
5 .6 6
12.00*
12.16
Me3GaPlp 1*8.241*8 .0 3
IO.05
10.16
7.04
6.77
34.67*
34.29
(Me2GaPip/ ) 2 45 .90
44.71
8.74
9 .0 2
7 .6 5
T.35
37.70*
37.39
Et3GaPip 54.55
54.78
10.74
IO.96
5.76
6 .0 3
28.93*
29.33
(Et2GaPip/ ) 2 51.18
49.97
9.48
9.82
6.64
5.74
32.70*
33.14
_iBu3GaPip 62.77
6 3 .4 3
11.69
12.88
4 .3I
3.65
2 1.23*
21.44
(iBu2GaPip/ ) 2 55.97
58.43
10.75
10.48
4.17
5.24
25.99*
25.84
Et3InPip 45.99
27.38
9.06
5.52
4.88
4.86
to.07* 
40.59
(Et2 InPip, ) 2 42.02
33.09
7.78
6 .38
5.45
5.01
44.75*
44.96
iBu3InPip 54.99
44.72
10.24
9 .05
3.77
3.74
3 0.99*
30.97
^Denotes line of theoretical percentages.
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TABLE II
ELEMENTAL ANALYSES OF 8-QUINOLINOLATE COMPLEXES
Compound # C °jo H 1o N $ Metal
MeaAlQ 6 5 .6 7  6 k .6 k
5-97
5.92
6.97
6.67
13.43*
13.36
EtaAlQ 6 8 .1 2
68.37
6.99
6.89
6 .1 1
6 .0 9
11.79*
11.74
^BuaAlQ 71.58
67.92
8.42
8 .1 0
4.91
4.79
9.47*
9.70
EtgGaQ 57.5656 .62
5.90
5 .6 8
5.17
5.14
25.1*6*
24.46
dJJu^GaQ 6 2 .3 9
61.15
7-34
6 .8 8
4.28
4 .5 8
2 1.10*
2 0 .5 0
jLBu2InQ 54.69
54.95
6.43
6.53
5.79
3.81
3 0.83*
29.84
^Denotes line of theoretical percentages.
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F. INFRARED SPECTRA
The Infrared spectra were obtained with the use of the 
Beckman IR-7 and/or the Beckman IR-10 spectrophotometers. The spectra 
of a film of the pure liquid piperidine complexes were taken in some 
cases, while in other cases the spectra of benzene solutions of con­
centrations greater than 1 molar were obtained. The spectra of solid 
piperidine complexes were also taken as concentrated benzene solutions.
The infrared spectra of the 8-qulnolinolate complexes are 
not listed in the following table because the absence of the hydroxyl 
stretch band of the 8-quinolinol is the most important feature of the 
spectra. The spectra of either a hexachlorobutadiene mull or a satu­
rated benzene solution of the quinolinolates were obtained.
Also not listed in the following table are the far infrared 
spectra of representative 8-quinolinolate complexes. These spectra 
were obtained by means of the Beckman IR-7 spectrophotometer with 
cesium iodide optics. Saturated benzene solutions were used.
G. MASS SPECTRA
All of the mass spectra were obtained by means of the Varian 
M-66 Mass Spectrometer. The M-66 is a double-focusing, cycloidal 
spectrometer that provides a linear readout in mass units on a graphic 
recorder. The samples were ionized by means of a constant 70 ev 
electron emission. Both liquid and solid samples were Introduced 
into a capillary tube which was inserted into the sample probe. The 
probe was then inserted into the analyzer chamber of the spectrometer 
and heated until the vapor pressure of the sample was high enough to 
produce a sufficient number of ions to be recorded.
TABLE III
INFRARED DATA
Piperidine: Hydrogen Bonded (N-H)v = 5292 cm"1
Free (N-H)v - 3350 cm"1 
A(N-H)v » Free piperidine (N-H)v - monomers (N-H)\J
Compound (N-H)v A(N-H)v
MesAlPip 3238 cm"1 112 cm"1
Et3AlPip 3 2 kb cm"1 106 cm"1
i.Bu3AlPip 3260 cm"1 90 cm"1
Me3GaPip 3258 cm"1 92 cm" 1
Et3GaPip 3265 cm"1 85 cm"1
iBu3GaPip 3265 cm"1 85 cm"1
Et3InPip 3275 cm"1 75 cm"1
iBu3InPip 3275 cm"1 75 cm"1
Dimers None None
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FIGURE
FIGURE
la. Infrared spectrum of a typical piperidine monomer, 
Me3GaPip. [Note (N-H)v at 3258 cm"1.]
lb. Infrared spectrum of a typical piperidine dimer, 
(MegGaPip^a. [Note absence of (N-H)v.]
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Aluminum has only one natural isotope, 27Al; however, gal­
lium and indium both have two natural isotopes.
Element Isotope ^ Natural Abundance
A1 27Al 100.0
Ga
In
s9Ga 60.0
71Ga 40.0
113In 4.16
llsIn 95*84
Therefore, in the case of the gallium complexes, each fragment con­
taining one gallium atom was indicated by a doublet with a peak ratio 
of 6:4 corresponding to the natural abundance of the two natural iso­
topes. If a fragment of the complex contained two gallium atoms, a 
triplet would appear in a 3:5:2 ratio due to the distribution of the 
natural isotopes of the two gallium atoms.
Fragments containing indium atoms would give a similar pat­
tern. However, since the 115In is so predominant, it is the only iso­
tope tabulated in the following table for indium complexes.
Mass spectra of the piperidine monomers gave only the 
cracking patternsof the two separate reactants (R3M and piperidine), 
and therefore are not listed. However, the piperidine dimers gave 
cracking patterns up to a molecular ion minus a hydrogen for some of 
the complexes. The cracking patterns of the piperidine dimers and the 
8-quinollnolate complexes will be discussed in the Results and Discus­
sion Chapter of this Dissertation.
The gas evolved during the preparation of some of the piper­
idine dimer complexes was trapped and the mass spectra were obtained in 
order to confirm the identity of the alkane. These spectra are not
TABLE IV
MASS SPECTRA OF PIPERIDINE DIMER COMPLEXES
Compound m/e Intensity Assignment
27 8 .0 Al
57 8 .0 Me-aAl
84 5.5 Pip'
126 19.0 AlMePip'
11*0 2 1 .0 Me^lPip' - H
209 18.0 MeAl(Pip')2 - H
267 100 .0 Me3Al2(Plp/)2
281 0 .6 (Me2AlPip/)2 - H
282 0 .5 (Me2AlPlp')2
27 3 6 .0 Al
84 28.0 Pip#
110 1 5 .0 AlPip' - H
112 100.0 AlPip' + H
i4o 42.0 EtAlPip'
168 1*3 .0 EtaAlPip7 - H
195 1 5 .0 Al(Pip')2
223 7 8 .0 (AlPip')2 + H, or 
EtAl(*ip')2 - H
251 5 .7 (AlPip/)2Et
509 11*.0 (EtAlPip#)2Et
537 1.0 (Et2AlPip/)2 - H
57 9 6 .0 _iBu
84 100.0 Pip', or jLBuAl
85 6 5 .0 Pip
195 2.8 iBuAlsPip'
251 2.8 (iBuAlJ^ip' - H
295 1.5 (AlPip #)aiBuCH3 + H
509 0.7 (AlPip OgiBuCH^Ha + H
523 0.7 (AlPip')giBu(CH2)2CH3
(MeaAlPip/)s
(EtaAlPip/)2
(-iBuaAlPip/)2
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TABLE IV (Continued)
Compound _m/e Intensity Assignment
326 1 .0 *
337 14.9 (iBuAlPip')a + H
351 1 .8 (iBuAlPip ')2CH3
365 0 .6 (iBuAlPip ')aCH2Cl
379 0 .6 (iBuAlPip/)2 (CH2;
393 8.9 (iBuAlPip')aiBu
69,71 27.5 Ga
84 100.0 Pip'
99,101 58 .6 Me^Ga
152,15^ 1 0 .4 GaPip' - H
168,170 6 3 .8 MeGaPip'
182,184 69 .0 MeaGaPip' - H
251,253 8 .6 MeGaPip' 2 - H
267 ,269 3.4 Ga(MePip' ) 2
268 ,270 k.J> Ga(MePip' ) 2 + H
282,284,286 9.6 (MesGaJaPip'
351,353,355 55.0 (MeGaPip'JaMe
365,367,369 1 .0 (Me2GaPip/ ) 2 - H
3 6 6,368 ,370 0 .5 (MeaGaPip')a
69,71 63 .0 Ga
84 56.0 Pip'
127,129 100.0 EtaGa
26 5 ,267 3 .8 EtGaPip'a - H
315,317,319 9 .0 *
35^,356,358 18.0 *
393,395,397 11 .5 (GaEtPip')aEt
421,423,425 1-3 (EtaGaPip')a - H
69,71 100.0 Ga
84 91 .0 Pip'
127,129 2 5 .5 iBuGa + H
(iBuaAlPipOs
(MeaGaPipOa
(Et2GaPip ) 2
(iBu2GaPip ' ) 2
♦Denotes unassigned peak.
32
TABLE IV (Continued)
Compound jn/e_ Intensity Assignment
(j.Bu2GaPip#)2
(Et2InPip *)2
154,156 2 1 .0 GaPip/ + H
183,185 97.0 iBu2Ga
210,212 19.4 J.BuGaPip '
270,272 19.4 Impurity
293,295 18.0 l.BuGaPip/ 2
325,327 3 0 .0 iBu3GaPip'
352,35^,356 1 2 .0 *
411,413,415 1 2 .0 *
421,423,425 ^ 5 (jLBuGaPip/ ) 2 + ]
424,426,428 6 .0 *
435,^37,439 6 .0 *
438,440,442 7.4 *
455,^57,459 1 0 .5 *
466,468,470 4 0 .0 *
477,479,481 3 .0 (iBuGaPip')giBu
499,501,503 3.0 *
84 100 .0 Pip#
115 1 2 .5 In
144. 0 .6 Etln
173 5 .0 Et2In
198 3 .8 InPip' - H
199 0.4 InPip'
223 1 .2 *
228 1.9 EtInPip'
256 3.1 Et2InPip' - H
309 0 .0 3 #
311 0 .0 6 EtlnPip'a - H
314 0 .0 6 InaPip#
317 0.03 *
344 0 .0 3 Etln^Pip * + H
372 0 .0 2 EtglngPip
^Denotes unassigned peak.
TABLE IV (Continued)
Compound Jfi/jL Intensity Assignment
(Et2InPip')2 397 i*.l* *
1<02 5.0 Et3In2Pip1 + H
1*03 3.7 *
1*27 1 .2 EtIn2Pip/2
430 0 .0 3 (Et2In)^Pip#
^55 0 .0 1 (EtInPip/)2 - H
1*57 0 .0 1 (EtInPip/)2 + H
1*71 0 .0 3 (EtInPip#)2CH3
1*85 2 7 .0 (EtInPip#)2Et
1*86 5-0 (EtInPip')2Et + H
513 0 .0 2 (Et2InPip') - H
^Denotes unassigned peak.
TABLE V
MASS SPECTRA OF 8-QUINOLINOLATE COMPLEXES
Compound m/e Intensity Assignment
MeaAlQ 145 3.0 8-hydroxyquinoline
171 16.0 AlQ
186 100.0 MeAiQ
201 2 .0 MeaAlQ
315 3 .0 Al(Q) 2
EtaAlQ 144 0 .9 Q
171 77.0 AlQ
200 100.0 EtAlQ
228 0 .9 EtaAlQ - H
229 0 .9 EtaAlQ
315 5-5 a i (q )2
iBuaAlQ 145 10.3 8-hydroxyquinoline
171 26 .5 AlQ
172 9 1 .0 AlQ + H
186 62.0 AICH3Q
228 100.0 IBuAlQ
315 3.5 a i (q )2
EtsGaQ 69,71 40 .5 Ga
145 0 .1 8-hydroxyquinoline
213,215 21.2 GaQ
242,244 100.0 EtGaQ
270 ,272 1.6 EtgGaQ — H
271,273 2.9 EtgGaQ
iBu2GaQ 69 ,71 38 .0 Ga
1^5 4.0 8-hydroxyquinoline
213,215 n.o GaQ
214,216 11.0 GaQ + H
228,230 2 .5 GaCHgQ
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TABLE V (Continued)
Compound m/e Intensity Assignment
jLBu^GaQ
iBu2InQ
*
Denotes
21+7,249 3-5 *
270 ,272 100.0 iBuGaQ
284,286 0 .4 jLBuGaCHgQ
327,329 0 .6 iBusGaQ
115 loo.o In
145 5.3 8-hydroxyquinoline
229 1.8 LBu2In
259 34.0 InQ
260 5.9 InQ + H
3I6 13.5 .IBuInQ
317 2.3 iBuInQ + H
372 1.2 iBuglnQ - H
373 0.4 iBu2InQ
unassigned peak.
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listed, but they were used as a check on the reliability of the re­
action.
In some cases, not all of the peaks observed in the tabu­
lated spectra could be assigned.
H. NMR SPECTRA
The majority of the NMR spectra were measured with the Varlan 
HA-100 nuclear magnetic resonance spectrometer; however, several NMR 
spectra were obtained at 60 MHz with a Varlan A-60-A Instrument.
Benzene, the solvent in most cases, was used for locking purposes. 
Tetramethylsilane was used as an internal standard. All of the spectra 
were obtained at the ambient temperature of the probe 35°) •
The concentrations of the piperidine complexes in benzene 
were 1 molar or greater. The solubilities of the 8-quinolinolate 
complexes in benzene are very different; therefore, the concentrations 
of the solutions of these complexes used in the NMR study also varied 
greatly. Due to the insolubility of same of the 8-quinolinolate 
complexes, only the alkyl portion of the NMR spectra could be recorded 
for the least soluble complexes. The alkyl proton resonances could be 
recorded because each resonance peak in the alkyl portion of the spectra 
resulted from the contributions of several protons; however, in the 
quinollnolate portion of the spectra each resonance peak generally re­
sulted from the contribution of a single proton and, therefore, a much 
greater concentration was needed to make the quinollnolate resonance 
peaks observable.
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Benzene appeared to be the best solvent for the majority of 
the complexes; however, spectra of several complexes in various other 
solvents were observed. The solvents are listed on the reproductions 
of the spectra.
i
TABLE VI 
NMR DATA FOR R3M 
CHEMICAL SHIFTS IN 6 (PPM)
r3m ch3 ch2 CH
MeaAl -0 .3  6
EtaAl 1 .0 9 0 .2 9
IBuaAl 0 .9 8 0 .3 0 1 .9^
Et3Ga 1.16 0 .5 4
iBu3Ga 0.95 0 .8 0 2 .1 0
Et3In 1.27 o .k k
LBu3In 1 .0 2 0 .8 0 2 .2 2
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FIGURE 2. NMR Spectra of R3M 
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TABLE VII 
NMR DATA FOR R3MPip AND (R^lPip'jg 
CHEMICAL SHIFTS IN 6 (PPM)
Complex ch3 CHa CH
a
Piperidine
Protons
*
p and y 
Piperidine 
Protons N-H
MeaAlPip -0.67 2.41 0.99 1.27
(MeaAlPip')2 -0.54 2 .61 1 .2 8
EtaAlPip 1 .0 8 -0.18 2 .7 1 I .3 6 1.75
(EtaAlPip'Js 1.21 0 .0 8 2 .7 0 1.38
^BusAlPip 1.19 0 .0 6 2.04 2.46 1 .00 Hidden
(iBuaAiPipOa 1.20 0.27 2 .1 0 2.75 1.3^
Me36aPip -0 .5 2 2.35 1 .0 6 Hidden
(MeaGaPipOa -0.18 2 .6 0 1.27
Et36dPip 1 .10 0.17 2 .6 7 1.49 2.07
(Et2GaPip/)a 1 .30 0.57 2 .6 9 1.26
£Bu3GaPip 1.17 o.42 2 .0 5 2.41 1.02 Hidden
*These signals could not be separated under normal conditions.
TABLE VII (Continued)
Complex ch3 ch2 CH
a
Piperidine
Protons
*
p and y 
Piperidine 
Protons N-H
(iBuaGaPipOa 0.93 0*5 1.87 2 .5 6 1 .11
Et3InPip 1.51 O .58 2 .1* 1 .0 3 Hidden
(Et2InPip/)2 1.4? 0.75 2.87 1.33
i.Bu3 InPip 1.21 0.73 2.29 2.37 0.95 Hidden
NHCj£l0(Pip) 2 .6 8 1*5 1.32
♦These signals could not be separated under normal conditions.
FIGURE 5. NMR Spectra of R3MPip and (R^lPip')
3a. Me3AlPip
3b. (MesAlPip^a
3c. Et3AlPip
3d. (EtaAlPip' ) 2
3e. ^lBusAlPip
3f. (iBuaAlPip')i
3g. Me3GaPip
3h. (MeaGaPip'Ja
3i. Et3GaPip
3J. (EtgGaPip'Ja
3k. _iBu3GaPip
31* (iBuaGaPip');
3m. Et3InPip
3n * (EtalnPip^a
3 0 . iBu3In
3P- (lBualnPip'),
100 MHz 
(Me)3AI Pip 
BENZENE
CH
N-H
-0.671.27 0.99
PPM from TMS
FIGURE 3a
a- Pip
-0.54
1.282 .6 1
PPM from TMS
FIGURE 3b
100 MHz
C H 3 (Et)3AI Pip
n-HEXANE
I I I I  I k
1.75 2.71 1.36 108 0 -0.18
PPM from TMS
FIGURE 3c
a * P i p
I
2.70 pp^ |rom
CH 100MHz
/3-Pip
3 (Et2 A I P i p ) .  
NEAT
1.38 i.2l
FIGURE 3d
O* Pip  CH
I
2 . 4 6
100 MHz 
<1Bu)3 AI Pip
CH3 " b e n z e n e
0 . 0 6I k
PPM f ro m  TMS
FIGURE 3e
ch3
100 MHz 
( i B u 2 Al Pip ' )
B E N Z E N E
CH
a-  Pi p
1.201.342.102 . 7 5
PPM fromTMS
FIGURE 3f
VJ1
VJ1
a - P i p
i
2.35
C H
100 MHz 
(Me)3 Ga Pip 
BENZENE
1.06
PPM from TMS
FIGURE 3g
\J1ON
a - P i p
i
2.60
100 MHz 
(Me2Ga Pip').
BENZENE
lI
1.27 0 -0.18
PPM from TMS
FIGURE 3h
VJ1
-5
a - P i p
N-H
2.67  2.07
CH
100 MHz CH 
(Et),Ga Pip 
NEAT
i
1.49 1.10 0.17 0
PPM from TMS
FIGURE 31
a - Pip
1
2.69
CH,
100 MHz 
( E t 2 Ga Pip ')
BENZENE 
CH„
0.571.261.30
PPM from TMS
FIGURE 33
aPip CH
) K 
2.41 2.05
CH,
100 MHz 
UBu)3 Ga Pip 
BENZENE
CH,
/
0.42
PPM from TMS
FIGURE 5k
S'
a - P i p
2.56
CH.
100 MHz 
(jBu2Ga Pip')
BENZENE CH
CH
0.450.931.87
PPM from TMS
FIGURE 51
a - P i p
I
2 ,44
ch3 100 MHz 
Et3In Pip 
BENZENE
i;
{•
?'
CH
1.51 1.03 0.58
PPM from TMS
FIGURE 3m
a-Pip
i
2 . 8 7
c h 3
[ >3-Pip
1.47 1.33
PPM from TMS
FIGURE 5n
100 MHz 
( E t2In Pip ' )2
BENZENE
J A x J
0.75
c h 3 100 MHz 
( iBu), In Pip
** w
BENZENE
C H .
yS-Pip
U /^ k J
)  1 k1.21 0.95 0.73 
PPM from TMS
FIGURE 3o
y
100 MHz
£ Pip PIPERDINE
BENZENEN-H
a-Pip
i v
2.68 1-45 1.32
PPM f rom  TMS
FIGURE 3p
TABLE VIII 
ALKYL PROTON CHEMICAL SHIFT OF R ^Q  
CHEMICAL SHIFTS IN 6 (PPM)
Complex ch3 ch2 CH
MeaAlQ -0.95
EtsAlQ 1.33 0 .7 8
IBusAlQ 0.75,0.85 0.35,0.^7 1.75
Et2OaQ 1 .2 2 O .83
J-BugGaQ 1 .0 7,1 .0 8 O .83 2.07
_lBuaInQ 1 .11 1 .2 2 2 .2 3
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FIGURE k. Alkyl Proton NMR Spectra of R^l2 
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TABLE IX
NMR DATA FOR 8-QU3NOLINOLATE PROTONS OF R^MQ 
CHEMICAL SHIFTS IN 6 (PPM)
Compound He H3 h4 h5 H 6 Hy 0-H
1
8-Quinolinol
_iBuaAlQ
8 .5 0
8 . H
6 . Tk 
6.71
7.51
l . k 6
' 7.05
7.79
1
1
7.30 ' 
7 .20
6 .9 5 9 . 1 0  
6.85
Et gGaQ 7.61 6 .53 7.51 1 7.23
1
7.33 1 6 .6 9
_iBu2GaQ 7 .6 8 6.53 7.50 ' 7.20
1
7.33 1 6.69
JLBu2InQ 8 .2 5 6.72 7.56 ' 7 .28 7.50 1 6 .8 5
COUPLING CONSTANTS OF THE 8-QUINOLINOLATE PROTONS IN Hz 
8-Quinolinol ^BusAlQ
£2,3 = £2,3 “ 5*0
£3,4 ** 8.0 £3,4 83 8.0
J2 ,4 =  ^• 5 £ 2 » 4 “  ^• 5
£ 5 , 8 = * is.e =7.5
£ e ,7 ” 8.0 £e ,7 = 8 . 5
£ 5 , 7  = 3*0 £ 5 ,7 =
EtgGaQ jLBugGaQ
£ 2 ,3 “ ^*5 £ 2 ,3 “ ^ «5
£3 , 4  = 8*° £ 3 , 4  ■ 8»°
£ 2 , 4  “ !*5 £ 2 , 4  = 1*5
£ 5 , 8 = * £ 5 , 6 “ *
£e,7 “ 8.0 £e,7 “ 6.0
£ 5 , 7 “ ^*5 £ 5 ,7 "
*Denotes undetermined coupling constants.
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TABLE IX (Continued)
COUPLING CONSTANTS OF THE 8-QUINOLINOLATE PROTONS IN Hz (Continued)
i.Bu2InQ
Ja,3 = ^*5 
J3j4 = 8.0
^5,6 = *
.Je,7 = 8 . 5
^5,7 = ^*5
♦Denotes undetermined coupling constants
FIGURE 5. NMR Spectra of 8-Quinolinolate Proton Region
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CHAPTER III 
RESULTS AND DISCUSSION
A. IDENTIFICATION OF COMPLEXES
l) Piperidine Complexes - Monomers
a) Elemental Analyses
In spite of the extreme reactivity of the compounds and the 
difficulty in their purification, the elemental analyses were in good 
agreement with the theoretical values. This agreement alone, however, 
did not preclude the possibility of the "monomers" being polymers, 
oligomers, or associated species in solution or in the pure form.
The molecular weights were determined by Galbraith Laboratories by 
means of a vapor pressure osmometer. The experimental piperidine 
"monomer" molecular weights were anomalous, but consistently higher 
than the theoretical unit molecular weights of the "monomers". Poly­
mers and oligomers of the "monomers" were eliminated as possibilities 
because no observable peak (m/e) above that of the unit "monomer" 
theoretical molecular weight was obtained in the mass spectra. The 
associated species concept remains to explain the consistently high 
molecular weights. The association or attraction of the "monomers" to 
each other appears to be fairly weak since the infrared is unable to 
indicate any new signal that might be construed as a hydrogen or an 
electron-deficient bond. The absence of new infrared bands indicates 
that the attraction between the "monomer" molecules must be electro­
static and, therefore, does not involve the sharing of any electrons 
which could be subsequently detected in the infrared spectra as the
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formation of a new bond. This assumption results in picturing the 
"monomers" as monomers which are aggregated in clusters to satisfy 
their electrostatic charges.
b) Infrared Spectra
The most important feature of the piperidine monomer infra­
red spectra was the shift and narrowing of the (N-H)v stretch from 
that of the neat piperidine ligand. Theoretically, the shift indi­
cates formation of a bond between the nitrogen of the piperidine and 
the metal of the metal alkyl. The metal, a Lewis acid, seeking elec­
trons, accepts the non-bonded pair of electrons of the piperidine 
nitrogen and, thus, inductively weakens the already existing N-H bond. 
Therefore, the amount of shift of the (N-H)v should give an indication 
of how good an electron acceptor (Lewis acid) was the corresponding 
metal in the complex. The amount of the (N-H)v shift would also indi­
cate the relative strength of the nitrogen-metal bond. It was also 
observed that in addition to a shift of the (N-H)v, there was consi­
derable narrowing of the (N-H)v peak on the monomers. This is due to 
the loss of hydrogen bonding present in neat piperidine.
Piperidine has two (N-H) stretch bands in solution, 3350 cm” 1 
for the free N-H and 3292 cm- 1 for the hydrogen bonded N-H. If A(N-H)v 
is defined as the free piperidine (N-H)v minus the monomer (N-H)v; 
then the effect on the (N-H)v of changing the alkyl groups, the metal, 
or both within the series of complexes can be compared to the (N-H)v 
of the free ligand. Comparison of the aluminum piperidine monomers 
yielded a (N-H)v 's of 112 cm”1, 106 cm"1, and 90 cm"1 for the methyl, 
ethyl, and isobutylaluminum piperidine monomers respectively. The
order of these a (N-H)v 's would imply that the methyl groups do not 
inductively delocalize the positive charge on the aluminum via elec­
tron donation as well as the ethyl groups or the isobutyl groups. 
Therefore, the trimethylaluminum is a better Lewis acid than triethyl- 
aluminum,which is a better Lewis acid than tri-isobutylaluminum. In 
the gallium piperidine monomers, the A(N-H)v values follow a similar 
pattern, 92 cm"1, 85 cm"1, and 85 cm"1 for the methyl, ethyl, and iso- 
butylgallium piperidine monomers respectively. The differences in 
the a (N-H)v 's are not as great as those found in the aluminum series, 
nor are the a (N-H)v 's themselves as great as those of the corres­
ponding aluminum complexes. These two facts Indicate that gallium 
alkyls are not as strong Lewis acids as are the corresponding aluminum 
alkyls. It appears any alkyl group larger than a methyl attached to 
the gallium metal atom delocalizes the positive charge on the metal 
to the same degree.
The Indium piperidine monomers appear to follow the same 
pattern as that of the gallium piperidine monomers. The a (N-H)v 's of 
the ethyl and isobutylindiumpiperldlne monomers were both 75 cm"1.
This implies that the indium alkyls are the weakest Lewis acids of 
the series. It would be predicted that if the trimethylindiumpiperi- 
dine monomer had been prepared, the A(N-H)v for it would be slightly 
greater than 75 cm**1 for the same reasons stated in the aluminum and 
gallium cases.
c) Mass Spectra
The mass spectra of the piperidine monomer complexes did not 
provide much information. Apparently the monomers were cleaved at the
metal-nitrogen bond during volatilization, or in the first step in 
the ionization process. Therefore, no mass peaks corresponding to 
masses greater than those of the molecular ions of the two constituents 
(the metal alkyl and the piperidine) of the complex were obtained. 
Consequently, the molecular weights of the piperidine monomer com­
plexes could not be determined by mass spectroscopy. The cracking 
pattern of the metal alkyl superimposed on the cracking pattern of 
piperidine could be identified; however, there were no mass peaks 
above the molecular ion of the constituent having the greatest mole­
cular weight.
d) NMR Spectra
The NMR spectra of the piperidine monomer complexes contained 
a great deal of Information. Integration of the proton peaks produced 
relative Intensity ratios conforming to the theoretical ratios of the 
different types of protons present in the complexes. That is, the 
number of methyl, methylene, N-H, a-piperidine and /3-piperidine protons 
could each be experimentally determined by integration. The chemical 
shifts of the various protons are dependent upon the electron density 
or environment in the area surrounding the protons in question. The 
coupling constants of all the monomers remained at 7 Hz; therefore, no 
new Information could be extracted from the coupling constants. The 
alkyl protons were the most sensitive to any change of electron density 
or charge on the metal atom of the complex. This sensitivity is 
especially true for the protons on the carbon attached directly to the 
metal. In the free metal alkyls, the alpha proton signal is shielded 
(shifted upfield) in comparison with the corresponding resonance in the
analogous compound In which the metal Is replaced by a carbon atom.
The reason for the shielding In the metal alkyl case Is the bond 
polarity caused by the difference in electronegativity19 between the 
carbon and the metal atom. The metal atom of the metal alkyls is 
less electronegative than the carbon atoms of the alkyl groups and, 
therefore, a partial negative charge resides on the alpha carbon 
whereas a partial positive charge occupies the metal. It is this in­
ductive increase in the electron density on the alpha carbon atom 
that causes the shielding of the alpha protons. In the case of the 
metal alkyl piperidine complexes, the nitrogen atom of the piperidine 
is donating an electron pair to an empty p orbital of the electron-de­
ficient metal. This new bond supplies needed electrons to the metal, 
and enhances the capacity of the alpha carbon for inductively attract­
ing negative charge. Therefore, it would be predicted that the alpha 
protons would be more shielded in the complex than in the free metal 
alkyl. As can be seen in Table X, this greater shielding is the case 
except in the case of Et3InPip-Et3In. The beta and gamma alkyl protons 
are apparently not subject to large inductive effects, but their 
chemical shifts are influenced by field effects originating from the 
metal. There appears to be no significant trend in comparison of the 
chemical shifts of the beta and gamma alkyl protons of the free alkyls 
with those of the corresponding complexes.
If a comparison of the shifts of the complexes themselves is 
made, two distinct trends can be observed. Varying the metal (for ex­
ample, comparing Et3AlPip vs Et3GaPlp vs Et3InPlp) causes the alpha 
alkyl protons to be deshielded in the order Al < Ga < In; this trend
TABLE X
COMPARISON OF THE a ALKYL PROTON CHEMICAL SHIFTS 
FOR THE FREE METAL ALKYL AND THE PIPERIDINE MONOMERS
A& (PPM): + 83 deshielded, - “ shielded
Me3AlPlp (-0.67) lBu3GaPip (40.42)
Me3Al (-0 .3 6) iBu3Ga - (40.80)
A6 .= -0 .3 1 A6 - -O.38
Et3AlPlp (-0 .18) Et3InPip (40.58)
Et3Al (•10.29) Et3In - (40.44)
A6 = -0.47 Aft = 40.14
JLBu3AlPip (40.06) iBu3InPip (40.73)
JLBu3Al (4 0 .3 0) lBu3In - (40.80)
A6 = -0.24 A6 ** -0 . 0 7
Et3GaPlp (40.17)
Et3Ga — (40.54)
A6 » -0.37
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can be seen in Table XI. The aluminum alkyls are the best Lewis 
acids (.i.e., electron acceptors) and cause the alpha alkyl protons of 
the aluminum complexes to be the most shielded. The stronger the 
metal attraction for the electrons of the ligand the easier it is for 
the alpha carbon to increase its electron density and, thus, the 
shielding of its NMR resonances. Therefore, if aluminum causes shield­
ing of the alpha protons better than gallium, and gallium shields better 
than indium, the strength of the Lewis acidity would follow the same 
order, A1 >  Ga >  In.
The second trend can be observed if the complexes with dif­
ferent alkyl groups are compared (for example, compare MesAlPip vs 
Et3AlPip vs iBusAlPip). The amount of deshielding of the alpha alkyl 
protons increases as the alkyl groups become larger; this trend is 
illustrated in Table XII. This deshielding may be due to the fact 
that beta and gamma carbons of the higher alkyls inductively deloca- 
lize the high electron density about the alpha carbon. Although the 
beta and gamma carbons feel no major Inductive force from the metal, 
they could delocalize the charge on neighboring carbon atoms. This 
delocalization about the alpha carbon would cause a deshielding 
effect at the protons on the alpha carbon. Therefore, to a point, as 
the alkyl group gains more carbon atoms, the easier it would be for 
the excess negative charge on the alpha carbon to be delocalized 
further into the alkyl group, and the delocalization results in in­
creased deshielding of the alpha proton resonances. A similar trend 
is noted in the case of the free metal alkyls.
The methyl protons of all three methyl groups attached to 
the metal are equivalent at room temperature because of positional
TABLE XI
EFFECT OF THE CENTRAL METAL ATOM UPON 
a ALKYL PROTON CHEMICAL SHIFTS OF PIPERIDINE MONOMERS
A6 (PPM): + = deshielded, - 83 shielded
Me3GaPip (-O.3 2) Et3GaPip (40.17)
MesAlPip - (-0.67) EtaAlPip - (-0.18)
A6 = +O .35 A6 » 40.35
Et3InPip (+O.58) Et3InPip (40.58)
Et3AlPip - (-0.18) ' Et3GaPip - (40.17)
A6 = 40.76 A6 50 40.41
iBu3GaPip (40.42) iBu3InPip (40.73)
iBu3AlPip - (40.27) iBugAlPip - (40.27)
A6 = 40.15 AS = 40.46
_iBu3 InPip (+o»73)
_iBu3GaPip - (40.42)
A6 « 40.31
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TABLE XII
EFFECT OF ALKYL GROUPS UPON 
01 ALKYL PROTON CHEMICAL SHIFTS
AS (PPM): + 53 deshielded, - “ shielded
MegAlPip
EtaAlPip
-0.67-p
-0.181
iBu3AlPip +0.06
A6 - +0.49
t A6 » +0.24 ------------
—• A6 = +0.75
Me3GaPip
Et3GaPip
-0.5; 
40
_iBu3GaPip +0. 42
Et3InPip 
i.Bu3InPip
AS " 40.49
t AS “ 40.25 ------------
AS = 40.74
40.58-j
I—♦ AS ® 40.15 
+0*73^
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time-averaging in the magnetic field. The same appears to be true for 
the methylene and methine protons.
2) Piperidine Complexes - Dimers
a) Elemental Analyses
The dimers appeared to be relatively less reactive than the 
corresponding monomers. However, they were still rapidly decomposed 
when exposed to air. The elemental analyses data obtained from Galbraith 
Laboratories were in agreement with the theoretical percentages. The 
metal analyses, carried out by the author, were acceptable in all cases. 
Several of the "dimer" molecular weights were determined by Galbraith 
Laboratories by means of a vapor pressure osmometer. The results in­
dicated that the "dimers" were in fact true dimers in contrast to the 
monomers which gave anomalous molecular weights. Mass spectra of the 
piperidine dimers also confirm that the molecular species are dimers.
This dimerlzation will be discussed in more detail later in this Chapter.
TABLE XIII
VAPOR PRESSURE OSMOMETRIC 
MOLECULAR WEIGHTS OF PIPERIDINE DIMER COMPLEXES
Compound
Theoretical
Molecular
Weight
Experimental
Molecular
Weight
(EtaAlPip^a 
(jLBugGaPip / ) 2
(EtsInPip'Js
338
534
514
245
528
536
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b) Infrared Spectra
The most important feature of the infrared spectra of the 
piperidine dimers is the loss of the (N-H)v stretch which is present 
in the monomers. This indicates that the monomer has autocondensed 
with loss of the piperidine imino proton and an alkyl group to give a
I
dimer and the corresponding gaseous alkane. The remainder of the 
spectrum is essentially similar to that of the monomers in the range 
3500 cm"1 to 600 cm"1.
c) Mass Spectra
Significantly more information was obtained from the mass 
spectra of the piperidine dimers than from the spectra of the piper­
idine monomers. The largest fragment in the spectra of the dimers was 
the molecular ion, or the molecular ion minus a hydrogen, except in 
the cases of (_iBu2GaPip/)2 and (_iBu2AlPip/)2 « The mass spectra, 
which are tabulated in the Experimental Chapter, substantiate the ex­
perimental molecular weights obtained from the vapor pressure osmo­
meter. No ion of mass greater than the theoretical mass was observed 
in the mass spectrum of any of the dimers studied. According to 
Gosling, Smith and Wharmby,20 oligomers of organoaluminumamines could 
be detected by the appearance of low intensity peaks of large polymeric 
fragments. They also have obtained the mass spectra of some organo- 
alumlnumamlne complexes similar to the author's complexes. Their 
fragmentation patterns are very similar to those obtained in the case 
of the piperidine dimer complexes.
The cracking patterns for all of the piperidine dimers, ex­
cepting (iBu2GaPip/)2,which had too many unasslgned peaks, are presented 
in Tables XIV-XIX.
TABLE XIV
(MeaAlPip/)2 FRAGMENTATION PATTERN
(MesAlPip' ) 2 (282)
i ’ tt
(MesAiPlpOa - H (281) 
Me
■
(lto)
(MeAlPip#)aMe (267)
MesAlPip' >S\ ^  - MesAlH
MeaAlPip' - H MeAl(Pip' ) 2 - H (209)
- C5H9N
t
(57) MesAl
- 2Me
1
Al (27)
- CgHaN
I
MeAlPip' (126)
- MeAl
f
Pip' (8U)
90
TABLE XV
(Et2AlPip/)2 FRAGMENTATION PATTERN
(EtaAlPipOs “ H (337) 
- (CH2 ),2
t
(EtAlPip /)2Et (309)
- 2Et 
(25I) (AlPip /)aEt
- (ch2). - A1H
(AlPip')2H (223)
EtAl(Pip' ) 2 - H (223)
AlH
Al(Pip' ) 2
- (ch2 ) 2 
(195)
- Pip'H 
AlPip' - H (110)
- EtAlHPip' 
EtaAlPip' - H (168)
I
- (ch2 ) 2
1
EtAlPip' (UO) 
(CH2 ) 2  
AlPip'H (112)
-HPip' A  - EtAl
A1 (2T) Pip' (8 )^ 
- C5HgN
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TABLE XVI
(i-BuaAlPip *) 2 FRAGMENTATION PATTERN
(251)
(lBuAlPlpOaiBu (393)
- ch2
(iBuAlPipOsCCHgJgCHa (379)
- CH2
(iBuAlPipOaCHaCHa (365)
- ch2
(iBuAlPipOaCHa (351)
- ch2
(iBuAlPipOaH (357)
(Pip 'H + H) " CH2
(_iBuAl)2Pip/ - H (AlPip/)2HiBu(CH2 )2CH3 (323)
- (iBu - H)
(195) JLBuAlaPip'
/ \ -  (iBuAl2 - H)
J.BtiAl 
Pip 7 tai Pip'H (85)
- CH2
(AlPip')siBuHCHaCHa ( 309)
- ch2
(AlPip')aiBuHCH3 (295)
-Al
iBu (57)
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TABLE XVII
(Me2GaPip')2 FRAGMENTATION PATTERN
(Me^aPip'Jg (566)
- Pip7
(MeaGa)^Pip7 ”(282)
- H
- Me^GaH
(MesGaPip7) 2 - H (365)
- Me
(MeGaPip7) ^  (351)
- MeGa 
Ga(MePip7)2H (268)
- H
1 f
(182) Me2GaPip7 - H Ga(MePip7) 2 (267)
- (Pip7 - H)
, . ^ - CH2
(99) MeaGa
I- 2Me ▼ ( *  \MeGaPip \  (168) ^ *Plp - MeGaPip72 - H (25I)
CH,
(6 9) Ga - CH4 - MeGa
|  /  - (Pip7 - H)
(pip h ) .
►  Pip (84)GaPip7 - H (I52)
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TABLE XVIII
(EtgGaPip')2 FRAGMENTATION PATTERN
(Et2GaPip' ) 2 - H (1|21) 
- (CH2 ) 2
\t
(EtGaPip'JaEt (393)
- EtGaPip'a 
(12T) Et^a EtGa(Pip
- 2Et
(69) Ga Pip
GaHEt2
2 - H (265)
- EtGaPip'- H
V
' m
9 b
TABLE XIX
(Et2InPip')2 FRAGMENTATION PATTERN
(Et2InPlp' ) 2 (513)
- C5H9N 
(Et2In)aPip/ (430)
- (c h 2)2 |
(EtIn)aEtPip/H (432)
- (ch3)2 |
(EtIn)2Pip/ (372)
- (CH2)2 | 
EtlnaPip'H (344)
- (ch3 ) 2 I 
InaPip' (314)
- C2H3 
(EtInPip/)2HEt (486)
i "
(EtlnPip'JsEt (485)
|-°H* 
(EtlnPip/)2CH3 (471)
j- Pip/H CH2
(EtInPip/)2H (457)
|-Hs
- In
(EtInPip*)2 - H (455)
\ -  (CH2 ) 2 
(InPip (427)
- Etln J  - InH
-
Et2InPip‘ - H (256)
- (ch2 ) 2
EtlnPip' (228^ <"CgH^  - EtInPip' 2 - H (3II)
- Et I - C5HgN
Et2In" (173)
InPip' *"(199) N r  Et
- In/ \  - H Etln (144)
Pip" ^(84) InPip' - H (198)
- C5H9n \ ^ ^  Et
In (115)
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d) NMR Spectra
The electronic environment of the metal atom of the dimers 
is considerably different from that of the monomers. In the monomers 
the metal is bonded to three alkyl groups and the nitrogen atom of the 
ligand. However, in the dimers the metal is bonded to two alkyl 
groups and two ligand nitrogen atoms and forms a four-membered, hetero­
cyclic ring. One nitrogen atom is donating electrons to the metal as 
it does in the monomer case, while the other nitrogen atom has formed 
a covalent bond with the metal atom. Therefore, in going from monomer 
to dimer the effect on the metal is the exchange of a covalently 
bonded alkyl group for a covalently bonded piperidine nitrogen atom.
One would then predict that the alpha alkyl protons of the dimer would 
be deshielded relative to the corresponding protons of the monomer.
In this prediction it is assumed that the covalently bound nitrogen
atom in the dimers is more electronegative than the alkyl carbons, and,
therefore, inductively lowers the electron density, at the alkyl carbon 
positions. As the electron density is relieved, especially at the
alpha alkyl carbon atoms, the alpha protons are deshielded relative
to the alpha protons in the monomer. This trend can be seen in Table 
XX. However, the alpha protons of the dimer are generally still 
shielded in comparison with the alpha protons of the free metal alkyls 
as seen in Table XXI. The alpha protons of the dimer are not as 
shielded as the monomer alpha protons; this fact can also be seen by 
observing the A6 values of Table XXI, in comparison with those of 
Table X.
TABLE XX
COMPARISON OF a ALKYL PROTON CHEMICAL SHIFTS 
FOR PIPERIDINE MONOMERS AND DIMERS
A6 (PPM): 4- *» deshielded, - = shielded
(MeaAlPip/)2
MegAlPip
/"
N 
1 
1 
O 
O
 
• 
•
ON
 
vn (Et2AlPip/)2
EtaAlPip
(40.08)
(-0.18)
AS » 40.13 A6 = 40.26
(jLBu^lPip#)2 (40.27) (Me2GaPip')2 (-0.18)
iBugAlPip (40.06) Me36aPip (-0 .32)
A6 - 40.21 A6 ■ 40.14
(Et2GaPip/)2 (40.57) (iBu2GaPip')2 (40.45)
Et3GaPip •? (40.17) DJu3GaPip (40.42)
M  = 40.1*0 A6 ■ 40.03
(Et2InPip')2 (+O.75) 
Et3 InPip - (40.58)
AS ■ 40.17
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TABLE XXI
COMPARISON OF a ALKYL PROTON CHEMICAL SHIFTS 
FOR PIPERIDINE DIMERS AND FREE METAL ALKYLS
AS (PPM): 4* = deshielded, - = shielded
(MeaAlPipOa
Me3Al
(-0.54)
(-0.36)
(EtaAiPip')a
Et3Al
(+0 .0 8 )
(40.29)
AS » -0 . 1 8 AS = -0 .2 1
(iBuaAlPip')a (40.27) (Et2GaPip')a (-*0.57)
iBu3Al (-K). 30) Et3Ga — (4 0 .54)
AS = -0 .0 3 AS = 4 0 .03
(iBuaGaPip')a (•W.^5) (Et2InPip')a (40.75)
jLBu3Ga (40.80) Et3In (40.44)
AS = -O.35 AS 40.31
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There are two other distinct trends thut are similar to the 
trends noted for the monomers. A comparison of alpha alkyl proton 
chemical shifts of the various dimers as a function of the metal atom 
Civ®*» (EtaAlPip'Ja vs (Et2GaPip' ) 2 vs (Et2InPip')23 shows that as the 
metal changes from aluminum to indium the alpha alkyl protons are de­
shielded (cf. Table XXII). This deshielding can be attributed to the 
Lewis acidity of the metal alkyls. The ability of the metal alkyls 
to attract electrons appears to decrease in the order Al >  Ga >  In. 
Therefore, the alpha alkyl carbon, which is more electronegative than 
the metal, increases the electron density about itself more when it 
is located in a stronger Lewis acid. As the electron density becomes 
greater at the alpha alkyl carbon, its protons are shielded. There­
fore, following the order of Lewis acid strength, the alpha alkyl
protons of the aluminum dimer should be more shielded than those of
>*
the gallium dimer which should be more shielded than those of the in­
dium dimer.
The second trend arises from a comparison of the dimers in 
which the alkyl groups CjL.e., (Me2AlPip/ )2 v§. (EtoAlPipMg vs 
(i.Bu2AlPip/)2] are varied. The alpha alkyl protons are deshielded as 
the alkyl groups become larger (see Table XXIII). This deshlelding 
may result from the capacity of carbon atoms other than the alpha 
carbon atoms in the alkyl groups for Inductive delocalization of the 
electron density at the alpha carbon atom. It must be noted that the 
carbon atoms other than those at the alpha carbon will.not be induc­
tively affected by the metal, but they will inductively delocalize part 
of the excess electron density on neighboring carbons. However, there
TABLE XXII
EFFECT OF THE CENTRAL METAL ATOM UPON 
a ALKYL PROTON CHEMICAL SHIFTS OF PIPERIDINE DIMERS
A6 (PPM): + = deshielded, - = shielded
(Me2GaPip/ ) 2 (-0.18)
(MeaAlPip/ ) 2 - (-0.54)
A8 =» 40.36
(Et2InPip/ ) 2 (40.75)-t--
(Et2GaPip/ ) 2 (40.57)^
(Et2AlPip/ ) 2 (40.08)-t-
(jLBu2GaPip/ ) 2 (40.45)
(iBu2AlPip, ) 2 - (40.27)
A6 - 40.18 
A6 “ 40.49
- A6 = 40.6?
A6 = 40.18
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TABLE XXIII
EFFECT OF ALKYL GROUPS UPON THE 
01 ALKYL PROTON CHEMICAL SHIFTS OF PIPERIDINE DIMERS
A6 (PPM): + s deshielded, - = shielded
(MesAlPip'Js
(EtaAlPip')^
(iBuaAlPipOa
(-0.5*0
(40.08);
(40.27)
j —  A6 = 40.62 
1 —  A6 = 40.19
- A6 = 40.81
(MeaGaPipOa
(Et2GaPip')a
(iBu2GaPip')a
(-0.18)
(40.57):
(40.1+5)
~1-------------
J — ► A6 “ 40.75
I
tA6 = -0•12 -  ■
- A6 = 40.65
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are no distinctive trends in the chemical shifts of the beta or gamma 
alkyl protons of the piperidine dimers.
The protons of the piperidine dimer complexes appeared to 
be magnetically equivalent at room temperature, and the coupling con­
stants did not vary significantly from 7 Hz.
Integration of the proton resonances in the NMR spectra of 
piperidine dimer complexes proved to be very valuable in identifying 
the dimers. For example, in the integration of the monomer signals, 
Et3AlPip gave nine methyl protons, six methylene protons, one N-H 
proton, four alpha piperidine protons, and six beta piperidine protons. 
Integration of the dimer signals, (EtaAlPip/)2 > however, accounted for 
twelve methyl protons, eight methylene protons, no N-H protons, eight 
alpha piperidine protons and twelve beta piperidine protons. Inte­
gration of the signals is a powerful tool for distinguishing the mono­
mers from the dimers.
3) Dialkylmetal-8-quinolinolate Complexes
a) Elemental Analyses
The dialkylmetal-8-quinolinolates were considerably more 
stable towards air than either the dlalkylmetalpiperidine monomers or 
the dimers. The quinolinolate complexes were much less soluble in 
benzene or pentane than the piperidine complexes. Therefore, it was 
possible to purify them by recrystallization and washing with pentane. 
Mass and NMR spectral data suggested the presence of traces of alkyl- 
aluminum(8-quinolinolate) 2 and/or aluminum(8-quinolinolate)3 along 
with the principal product, dialkylaluminum-8-quinolinolate, in some 
preparations. These side products were formed only when the reaction
temperature could not be controlled. However, when these side prod­
ucts were formed, they could generally be detected only in the mass 
spectra; and the concentration was too low to influence even the ele­
mental analyses. Only in the case of J.BuaAl-8-quinolinolate was there 
a sufficient amount of side products to appear in the NMR spectrum.
In general, because the quinolinolate complexes could be purified to 
such an extent, the results of the elemental analyses were in 
better agreement with the theoretical percentages than were the analyses 
of the other compounds. The acceptable elemental analyses do not rule 
out oligomers or polymers. The molecular weight (277) for Et^aQ, 
determined by a vapor pressure osmometer, was in excellent agreement 
with the theoretical molecular weight (272). Agreement in a few other 
cases was less satisfactory. However, information from mass spectra 
and NMR spectra can be considered reasonable evidence in favor of mono­
meric complexes. The largest ion observed in the mass spectrum cor­
responded in every case to the mass of monomeric R^IQ. This is taken 
as reasonable evidence for the monomeric nature of these complexes.
A detailed discussion of the reliability of molecular weights deter­
mined by means of the mass spectrometer is given in the Discussion Sec­
tion of this Chapter.
b) Infrared Spectra
The absence of the 8-qulnolinol (O-H) stretch frequency at 
3^15 cm- 1 is the most important aspect of the Infrared spectra. The 
absence of the (O-H)v of the hydroxyl proton of the 8-quinolinol sug­
gests the proton was lost during the formation of the complex. The 
quality of the far Infrared spectra in the region J00-200 cm" 1 was
10 J|
rather poor; nevertheless, two bands definitely attributable to the 
complexes were observed in the case of JJUuAlQ, _lBu;i;aQ, and i^lhi.-.lnQ.
These bands occur at 535 cm” 1 and 1*20 cm- 1 in the case of the aluminum 
complex, at 522 cm- 1  and J+I5 cm- 1 in the case of the gallium complex, 
and at 502 cm” 1 and 38O cm” 1 in the case of the indium complex. If 
these bands are due to the metal-nonmetal stretching frequencies, then 
the frequency shifts are definitely in the right direction. It should 
also be recalled that molecules of genuine symmetry should have two 
infrared active bands (a^ and (t2) in this region. The R^IQ complexes 
have pseudo-tetrahedral symmetry.
c) Mass Spectra
In every case but the jLBu^AlQ, a molecular ion and/or 
molecular ion minus a hydrogen peak appeared in the mass spectrum of 
each quinolinolate complex. The largest fragment indicated for the 
.iBu^AlQ complex was the molecular ion minus an isobutyl group. The 
molecular ions confirm the molecular weights of this series of com­
plexes, even though in one case the data collected with vapor pres­
sure osmometry appeared to indicate an oligomer. The cracking pat­
terns for the 8-quinolinolate series of complexes can be seen in 
Tablex XXIV-XXIX.
d) NMR Spectra
Due to the insolubility of some of the 8-quinolinolate com­
plexes in benzene, it was not possible to obtain the NMR spectra of 
both the alkyl and the 8-quinolinolate regions for every complex.
The alpha alkyl protons were the most sensitive alkyl protons to in­
ductive effects caused by the metal atoms of the complexes. The H2 proton
TABLE XXIV
MeaAl-8-QUINOLINOLATE FRAGMENTATION PATTERN
t
MeaAlQ (201)
- Me
y
MeAlQ (186)
V "
QH (1^5) AlQ (171)
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TABLE XXV
E t; A 1 - 8- QUINOLINOLATE FRAGMENTATION PATTERN
EtaAlQ (229)
- H
V
EtaAlQ - H (228)
- (ch2)2
EtAlQ (200)
- Et
V
AlQ (171)
- Al
V
Q (1M)
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TABLE XXVI
l.BuaAI-8-QUINOLINOLATE FRAGMENTATION PATTERN
IBuaAlQ (285)
- iBu
I'
IBuAlQ (228)
-  ( ch2 )
\( .
AICH3 Q (186)
-  ch2
' t
AlHQ (172)
QH (Hl-5) AlQ
3
(m)
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TABLE XXVII
Et2Ga-8-QUINOLINOLATE FRAGMENTATION PATTERN
Et^GaQ (271)
- H
y
EtaGaQ - H (270) 
“ (CH2 ) 2
y
EtGaQ (242)
QH (145) GaQ (213)
Ga(CHg)g
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TABLE XVIII
i-Bu^Ga-8-QUINOLINOLATE FRAGMENTATION PATTERN
iBu2GaQ (32T)
” (0112)2^^3 
lBuGaCH2Q (284)
- CH2
JLBuGaQ (270)
- (CH2)3
GaQ (213) QH (145) 
- Q
V
Ga (69)
GaCH3Q (228)
- c h2
V
GaHQ (214)
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TABLE XXIX
iBu2In-U-QUINOLINOLATE FRAGMENTATION PATTERN
_iBu2In
IBusXnQ (373)
Q > H
(229) iBu2InQ - H (372)
- (CH3)2C=CH
<
jLBuInHQ (317)
- H
t
jLBuInQ (316)
- (ch2)4
InHQ (260)
QH (145) InQ (259)
“ Q
In (115)
110
(aiptia to the nitrogen) of the 8-quinolinolate should be mildly af­
fected by the inductive influence of the metal. Assignment of the 
alkyl proton peaks was not difficult because of the simple first- 
order splitting patterns observed. There was one exception; jLBu^AlQ 
gave an eight-line ABX pattern for the methylene protons. For reasons 
which will be discussed later, the ABX pattern results because of the 
magnetic non-equivalence of the two methylene protons (H^ , Hg) of each 
isobutyl group, which, therefore, couple with each other as well as 
with the adjacent methine proton (Hx). In Figure 6 the methyl protons 
(CH3Y, CH3Z) are also designated as being magnetically non-equivalent. 
If one refers to the reproduction of the alkyl region of the ^ iBuaAlQ 
NMR spectrum (Figure 7)> he observes that the methine proton is repre­
sented by a broad, low intensity, seven-line pattern, the methyl pro­
tons by two overlapping doublets, and the methylene protons by the 
eight-line AB portion of the ABX pattern.. Theoretically, the methine 
proton should produce more than seven lines; however, the intensities 
of most of these lines are so small that they can not be resolved by 
the spectrometer. The coupling constants and the chemical shifts of 
the methyl and methine proton signals of J-Bu^AlQ can be obtained 
directly from the spectrum; in the case of the methylene protons, how­
ever, the coupling constants —BX^ ant* t*ie c^ein^ ca  ^shifts of
and Hg must be calculated. J^g» which may be determined directly from 
the spectrum, is 18 Hz. Figure 8 is an illustration of the spectral 
transitions forming the methylene splitting pattern.
Once the transitions of the two methylene protons have been 
identified and their corresponding frequencies assigned, calculation
FIGURE 6. Illustration of non-equivalent I.BU2&I2 alkyl protons.
FIGURE 6
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FIGURE 7. Alkyl proton NMR spectrum of jLBugAlQ
FIGURE 7
1 - CH
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FIGURE 8. Illustration of the AB (methylene) portion of the ABX 
(-CHaCHR^pattern, with the subspectra indicated.
FIGURE 8
Ha Hb
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M
V
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of the chemical shift of each methylene proton and the coupling con­
stants (JAV, Jov) is possible. The calculations are accomplished by re- “"AX *”BX
ducing the eight-line AB pattern to two, four-line AB subspectra, 
solving the subspectra for apparent resonance positions (&^+> etc.), 
and manipulating the apparent chemical shifts to generate true values 
of 6g, J^, and JfiX as follows:
+ +
A B = vs» ve> v4, V2
i j-j | |
A B = v7, v5, v3 , va
4*
6A
6B+
6a ‘H ‘
va -
(v3 - V2) +
2
v8 -
(va - V2) _
2
V7 ~
(v7 “ va) H
2
V7 - (V7 “ Vi) _
2
6A = 8A+ + SA^2
6B - 8B+ + fiB^2
-AX « 6A+ - 8AH
-BX ■ 8B+ - 6BH
6B
2
0 .5 5
0.47 PPM
= 7.0 Hz 
» 7.0 Hz
.iBu^GaQ also exhibited magnetic non-equivalence in its NMR 
spectrum. The two methyl groups of each isobutyl group apparently ex­
perienced slightly different magnetic environments because two doublets 
were observed for the methyl groups. This is similar to the non- 
equivalence experienced by the methyl groups in 'IBuqAIQ; although the
l i t .
degree of non-equivalence is much less in the gallium case. The 
doublets of iBu2GaQ are separated by onlyl Hz, whereas, for the 
doublets of l.Bu^AlQ the separation is 10 Hz.
The NMR spectra of the 8-quinolinolate proton region were 
very complex. To establish a standard for the assignment of the 8- 
quinolinolate protons, the NMR spectrum of the free 8-quinolinol li­
gand was obtained. Figure 9 Indicates that the numbering convention for 
the 8-quinolinol and 8-quinolinolate complexes.
When the 8-quinolinol NMR spectra was obtained, two peaks 
could be immediately identified. The 0-H peak was identified by its 
chemical shift (9*10 6) and by its broad shape. Since the 0-H proton 
does not exist in the dialkylmetal-Q complexes, its identification did 
not assist in the interpretation of the complexes. The other proton,
(H2 , 8 .5O 6), as a result of its proximity to the nitrogen atom, was 
Immediately identified by its low-field chemical shift. In an unsatu­
rated ring system, H2 is coupled to H3 and H4 and vice versa. These 
three mutually coupled protons are practically isolated from the three 
mutually coupled protons H5, He and H7 on the ring containing the hydroxyl 
group; therefore, there was no observed coupling between the pyridine 
ring protons and the phenol ring protons. Two methods were used to 
identify each set of three mutually coupled protons. First, the coup­
ling constants of the proton patterns were determined. Those peaks 
having identical coupling constants were temporarily assumed to be 
coupled. After as many peaks as possible were matched in this manner, 
the H2 signal (8 .5O 6) was double-irradiated. This double-irradiation 
caused decoupling of the H3 and H 4 patterns, and confirmed that the
FIGURE 9 . The numerical proton assignments of the 8-quinolinol 
8-quinolinolate complexes.
I-’UUIRK \)
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signals with identical spacings were coupled. The next thing to be 
determined was which of the two decoupled peaks was H4. It is noted 
on observing the non-decoupled spectrum of 8-quinolinol (Figure 10), 
that one of the two peaks that was decoupled by double irradiation has 
a small coupling identical to the smaller spacing of H2. This peak 
that has the small coupling corresponds to H4 (7»5l 6) because the 
size of the coupling is dependent on the number of bonds between the 
coupled protons. The other coupled peak can then be assigned as H3 
(6.7^ + 6 ). A similar conclusion was reached when H4 was decoupled 
(Figure 10).
These first assignments left the three hydrogens of the 
phenolic ring unassigned. H7 (6 .9 5 6) was recognizable because 
its close proximity to the 0-H group resulted in its being the proton 
that is more shielded than the other protons on the phenolic ring. 
Therefore, the chemical shift of H7 was the farthest upfield in com­
parison to those of H5 and He of the phenolic ring. H5 and He could 
not be identified in the 8-quinolinol spectrum because their chemical 
shifts were almost identical, which caused a complex pattern of peaks. 
Only in jLBugAJLQ was it possible to identify H5 and He. Identification 
in this case was possible because of the larger separation of the H 5 
and H6 chemical shifts. It was necessary to identify the protons of 
the 8-quinolinol because the NMR spectra of the complexes were very 
similar to that of the ligand, except in the case of iBusAlQ.
Due to the fact that the ligand region of the jLBu^AlQ NMR 
spectrum differed significantly from that of the 8-qulnolinol a similar
FIGURE 10. a - Non-decoupled spectrum of 8-quinolinol 
b - H2 Decoupled 
c - H4 Decoupled
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process of proton identification was undertaken. The protons, 11.., 11.* 
and H4, on the pyridine ring of the iJJuaAlQ complex had chemical shifts 
and coupling constants similar to those of 8-quinolinol and, therefore, 
the protons could be easily identified. However, the protons, H5, He 
and H7 of the phenolic ring had chemical shifts and coupling constants 
that were different from those of the analogous protons of 8-quinolinol. 
After its coupling constants were matched and the proton eventually 
assigned as H5 (7-79 6) (Figure 11) was decoupled, the assignments 
(Table IX) for the iBu^AlQ complex were made.
If the alpha alkyl proton chemical shifts of the 8-quinolinolate 
complexes are compared with the alpha alkyl proton chemical shifts of 
the free metal alkyls (Table XXX) a definite trend is observed. With 
the exception of those of MeaAlQ, the "alpha alkyl protons of the com­
plexes are deshielded with respect to the analogous protons of the free 
metal alkyl. The MeaAlQ spectrum does not follow the trend because it 
was measured in hexamethylphosphorictriamide, whereas the other spectra 
are those in solutions of benzene. This deshielding of the alpha alkyl 
protons would be expected because a covalent oxygen-metal bond replaces 
one of the covalent carbon-metal bonds of the free metal alkyl. The 
electronegativity of the oxygen atom more than compensates for the 
electron density donated to the metal by the ligand nitrogen atom. 
Therefore, even though the ligand nitrogen atom donates electrons to 
the metal, the oxygen atom inductively consumes this additional elec­
tron density, as well as some of the original electron density of the 
metal. This situation inductively removes electron density from the 
alpha alkyl carbon and causes a deshielding of the alpha alkyl protons.
FIGURE 11. a - Non-decoupled NMR spectrum of IBua^lQ 
b - H5 Decoupled
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TABLE XXX
COMPARISON OF a ALKYL PROTON CHEMICAL SHIFTS 
FOR RjgMQ AND R3M
A6 (PPM): 4- = deshielded, - 83 shielded
MesAlQ (-0.95) 
Me3Al - (-O.3 6)
A6 - -0.59
EtgAlQ (•*0.78)
Et3Al - (40.29)
A6 - 40.1*9
IBugAlQ (40. hi )
i.Bu3Al - (40.30)
A6 = 40.11
EtgGaQ 
Et36a ■
(40.83)
(4 0.54)
A6 = 40.29
iBu2GaQ (40.83)
_iBu3Ga — (40.80)
A6 - 40 .03
iBu2InQ (4-1.22)
i.Bu3In - (40.80)
A6 ® 40. W
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Another trend becomes obvious when the spectra of alpha 
alkyl protons of the 8-qulnolinolate complexes of various metals are 
compared (Table XXXl), > iBu^AlQ vs IBupGaQ vs iBupInQ). As in
the case of the piperidine complexes, one would expect the alpha 
alkyl protons to be deshielded as the metal is changed from aluminum 
to gallium to Indium. This deshieldlng is observed. The explanation 
for this trend is identical with that given for similar trends ob­
served in the series of piperidine complexes.
TABLE XXXI
COMPARISON OF a ALKYL PROTON CHEMICAL SHIFTS 
AS A FUNCTION OF THE METAL
A6 (PPM): + = deshielding, - = shielding
iBu2InQ
J.BuaGaQ
J-BugAlQ
EtgGaQ
EtaAlO
(-*0.83) 
- (-*0.78)
A6
(+1.22)
(-*0 .83):
(•k >.u )
+0 .0 5
A6 = -W.39 
A6 “ +0.1*2
- A6 = -*0.81
B. DISCUSSION
1. General
A general comparison of the physical properties and measure­
ments of the three series of complexes will be made in this Section.
The explanations of the unusual NMR data obtained in the case of the 
dialkylmetal-8-quinolinolates, the reliability of the mass spectrometer
for molecular weight determination, and the differences in stability 
of the three series of complexes will be reviewed. These inter-series 
comparisons indicate trends that lend a greater coherence to the over­
all significance of the research.
2. Kinetic Stability
The kinetic stability of the complexes was qualitatively 
determined by observing the ease of decomposition when the complexes 
were exposed to the moisture and oxygen of the air. Two types of 
trends (inter-series and intra-series) were observed. The intra­
series trend (for example, the comparison of the various piperidine 
monomer complexes with each other, etc.) remained the same from series 
to series, i,.e. the aluminum complexes were always less stable than 
the gallium complexes which were about equal in stability with the 
indium complexes.
The explanation of this trend deals with the polarity of the 
carbon-metal bond that results from the difference in electronegati­
vity between the metal and the carbon. The most vulnerable site is 
the polar carbon-metal bond of all the complexes. Aluminum, gallium 
and indium are all less electronegative than carbon, and therefore, 
create a situation in which the carbon is relatively negative.
5-  6+
C------M.
The greater the polarity, the more reactive is the carbon- 
metal bond. Since aluminum has the lowest electronegativity of the 
three metals (Al, 1.6; Ga, 1.8; In, 1.8 - Pauling values), its bond 
is the most polar; therefore, its complexes are more susceptible to
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both electrophillc and nucleophlllc attack. The electronegativities 
of gallium and indium are similar and are similar to that of carbon; 
therefore, the bond polarities are not as great, and the resulting 
metal-carbon bond is more covalent and, thus, is less likely to be 
susceptible to both electrophiles and nucleophiles.
The inter-series trend is a comparison of one series of 
complexes with another (i,.<|., piperidine monomers vs piperidine dimers 
vs 8-quinolinolates). The piperidine monomers were less kinetically 
stable than the dimers; however, the 8-quinolinolates were the most 
stable series. The chemical shifts of the alpha alkyl protons pro­
vide an indication of the relative amount of excess electron density 
on the alpha carbon. An excess of electron density on the alpha 
carbon could be construed to be polarization of the carbon-metal bond. 
When the complexes are compared, the shielding of the alpha alkyl pro­
tons by excess electron density on the alpha carbon would indicate a 
polar carbon-metal bond and, therefore, a tendency towards bond re­
activity. Generally, the alpha alkyl protons of the piperidine mono­
mers are more shielded than those of the dimers, and the alpha alkyl 
protons of the dimers are more shielded than those of the dialkyl-8- 
quinolinolates. This shielding indicates that the observed order of 
stability mentioned above is correct. The specific reason for the 
order of shielding of the alpha alkyl protons, piperidine monomers > 
piperidine dimers >  8-quinolinolates, is discussed later in this Section 
under Inter-series NMR Trends. It must be emphasized that these kinetic 
stability trends are just trends and may deviate in some instances.
For example, the difference in stability between (MeaAlPip/ )2 and
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l.Bu3InPlp is difficult to observe. A possible explanation for the 
small difference is that the aluminum dimer is the least stable of the 
dimers while the indium monomer is the most stable of the monomers.
In the above case, which would not follow the inter-series trend, the 
monomer may be slightly more stable than the dimer.
5 ) Mass Spectroscopy
The lack of consistently acceptable molecular weight deter­
minations from vapor pressure osmometry necessitates an explanation 
of why mass spectrometry is a reliable tool for the determination of 
the molecular weights in these types of complexes. The piperidine 
dimers and the 8-quinolinolates were the two series of complexes that 
yielded significant information from their mass spectra. The more 
stable 8-quinolinolate complexes had cracking patterns that were simple 
in comparison with those of the piperidine dimer complexes. Mass 
spectrometry can give considerable information about bond strengths.
The piperidine monomers are cleaved at the metal-nitrogen bond during 
vaporization or ionization, whereas the piperidine dimers and 8- 
quinolinolates are apparently first ionized at the carbon-metal bond 
or the carbon-hydrogen bond. Cleavage at the metal-nitrogen bond, would 
imply that the piperidine monomers should be the least klnetically 
stable series.
In a few cases the molecular weights of the complexes deter­
mined from vapor pressure osmometry were not consistent with the theo­
retical molecular weights. The piperidine monomer molecular weights 
were consistently higher than the theoretical molecular weights. This 
deviation was explained in the Experimental Chapter, and since the mass
spectra of the monomers yielded no significant information a further 
discussion is not necessary. The vapor pressure osmometric and mass 
spectral results were consistent with the theoretical molecular weights 
of the piperidine dimers. However, the results obtained from the vapor 
pressure osmometer for the JLBu2InQ molecular weight Indicated a 
dimer whereas the results for the Et^aQ molecular weights indi­
cated a monomer. The mass spectra of both of the above indicated a 
monomer. It is assumed by the author that more credibility can be 
given to the mass spectral results than to the vapor pressure osmo­
meter results for the following reasons. The vapor pressure osmometer 
is subject to errors caused by solubility problems and/or interaction 
of the complex with the solvent used. Some of the 8-quinolinolate 
complexes are difficult to dissolve, and interaction of the complex 
with the solvent (benzene) can not be ruled out. If jLBu2InQ was hypo­
thesized to be a dimer, (iBu2Inq) 2 (Figure 12), it would seem highly 
unlikely for the (jLBu2InQ) 2 to cleave in half symmetrically as the 
first step of ionization. The mass spectra of (Et2InPip/ ) 2 (Table XIX) 
exhibited a molecular ion minus a hydrogen, and therefore, did not 
cleave in half as the first ionization step. It has been observed 
that the 8-quinolinolate complex containing oxygen and nitrogen donor 
atoms in the heterocyclic ring is a stronger, more stable compound 
than the nitrogen-indium, four-membered, heterocyclic ring of the 
piperidine dimer. Therefore, as the piperidine dimer gave a mole­
cular ion minus a hydrogen, it would be expected that the hypothetical 
8-qulnollnolate dimer would give at least some fragments larger than 
the molecular weight of the proposed monomeric 8-qulnolinolate complex,
IFIGURE 12. Structures of (jLBu2InQ)2, (Et2InPip an<* i®u2Q
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If not a molecular ion minus a hydrogen or molecular ion. Further­
more, entropy factors would favor the formation of the five-membered 
heterocyclic ring formed in the proposed monomeric 8-quinolinolate 
complex rather than the ten-membered heterocyclic ring formed in the 
hypothetical 8-quinolinolate dimer.
Oliver and Worrall21 have reported the mass spectra of 
some Group III alkoxides. The fragmentation patterns of Al(OEt)3 , 
Ga(OEt)3 , and Ga(OiPr) 3 were assigned and mass peaks corresponding to 
dimers, tetramers, pentamers, and hexamers were observed. Chambers, 
Coates, Glockling and Weston22 reported a molecular ion for (EtgAlOEt)^. 
All evidence indicates that the RgM-S-quinolinolates are as stable as 
the alkoxides; consequently, if the 8-quinolinolate complexes were 
dimers, the mass spectra would indicate fragments larger than monomers.
h) NMR Spectra
a) Interpretation of the NMR of the jJSu^t-8-quinolinolates
In the series iBugAl-8-quinolinolate, j.BuaGa-8-quinolinolate 
and j.Bu2In-8-quinolinolate, the NMR spectra indicate magnetic non­
equivalence for some of the alkyl protons of the aluminum and gallium 
complexes. Non-equivalence for both the methylene and the methyl 
protons is observed in the NMR spectra of the aluminum complex. For 
the gallium complex, non-equivalence in only the methyl protons is ob­
served. Non-equivalence is not indicated for any protons in the NMR 
spectra of the indium complex. Any explanation of the non-equivalence 
of the protons must provide answers to the following questions. Why 
do the protons of the isobutyl group experience magnetic non-equivalence
JL/,0
while those of other alkyl groups do not? What causes the loss of 
non-equivalence as one goes from iBu^lQ, to iBu^aQ, to iBu^InQ?
The isobutyl groups are much larger than either the methyl 
or ethyl groups. Consequently, complexation of the metal atom by 
bulky ligands such as 8-quinolinol causes rotation in the isobutyl 
groups to be sterically hindered. The steric hindrance of the iso­
butyl groups, which has also been verified by construction of a model, 
prevents free rotation of these alkyl groups. The extent of steric 
hindrance partially determines the magnitude of the non-equivalence; 
however, the non-equivalence is caused by the presence of diastereotopic 
protons. Diastereotopic protons of the alkyl groups become magnetically 
non-equivalent due to the anisotropic electronic environment (a field 
effect) produced by the dissymmetry of the 8-quinolinolate ligand. 
Consequently, the favored conformation adopted by the two alkyl groups 
causes the protons at the pseudoasymmetric centers in the alkyl groups 
to be affected differently by the electronic environment. Therefore, 
in the case of iBuaAlQ (Figure 6 ) the methylene protons, and Hg, 
have different chemical shifts; and for the same reasons, the methyl 
protons, CH3y and CH3Z, also resonate at different applied magnetic 
fields.
The lack of evidence for non-equivalency in the methylene 
protons of the jLBu^GaQ complex can be best explained by the effect of 
size of the metal atom. As in the aluminum case, one would expect the 
methylene protons to be non-equivalent since the methyl protons are 
non-equivalent. However, in the case of gallium, the methylene pro­
tons appear to be magnetically equivalent. Therefore, the gallium atom
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must be large enough to shield the methylene protons from the field 
effects of the ligand which arc. the cause of magnetic non-equivalence. 
The covalent radii of aluminum, gallium and indium are 1.18 K, 1.26 & 
and l.lj^  &, respectively. Even though the protons of the methyl 
groups of the gallium complex are non-equivalent (A6 = 1 Hz), they 
are less so than the corresponding resonances (A6 = 10 Hz) of IBu^lQ.
The absence of evidence for non-equivalence in jiBu2InQ can 
be attributed to the large size of the indium atom. It appears that 
the large electron cloud of indium totally shields the field effects 
of the ligand from the alkyl protons.
The chemical shifts observed in the quinolinolate region for 
the R^IQ protons when compared with the chemical shifts of the free 
8-quinolinol ligand seem to appear too far upfield. The H2 proton, 
alpha to the nitrogen, is the only proton that has a significant change 
in chemical shift. This proton should be the ring proton most sensi­
tive to inductive forces originating from the metal atom.
When the nitrogen atom of the ligand donates electrons to 
the metal while forming the complex, the electron density at the 
nitrogen is lowered; therefore, the electron density at H2 is induc­
tively lowered. This lowering of electron density should cause de- 
shieldlng of the H2 proton. Deshielding is not observed. In every 
case the H2 proton is shielded; therefore, there must be some other 
factor counteracting the inductive effect. This factor might be the 
partial double bonding between the pyridine nitrogen atom and the metal 
atom. The orbitals that would be involved in the formation of this 
double bond are the ring jjTT orbitals and the metal _s or d_ orbital.
When this partial multiple bond is formed, diamagnetic anisotropy 
arising from induced circululion of electrons in the metal-nltrogen 
bond analogous to that observed for the carbonyl group24 is possible. 
Depending on one's orientation with respect to the electron circula­
tion, the diamagnetic anisotropy may create a shielding or a deshield­
ing environment. This effect can be illustrated by construction of a 
cone normal to the plane of the rings, which represents a surface of 
zero anisotropic effect; in contrast to the carbonyl group, however, 
the partial double bond appears to exhibit its maximum shielding effect 
in the plane of the aromatic system (Figure 13) which includes H2. In 
the aluminum and indium complexes, H2 is not shielded significantly 
because the degree of double bonding is apparently less; therefore, 
the diamagnetic anisotropy does little more than to reverse the in­
ductive influence at the H2 proton. The stronger partial double bond 
indicated in the case of the gallium complex suggests that the dia­
magnetic anisotropy occurring in this bond is stronger, thus causing 
the greater amount of shielding observed for the H2 signal in the gal­
lium complexes.
All the dialkylmetalquinolinolates studied are colored 
strongly yellow or orange. According to Orgel25 most of the intensely 
colored complexes owe their color to strong charge-transfer bands.
The most convenient pathway for this transfer is from the ring j>TT 
orbital of the ligand to the empty outer £  or £ orbitals of the metal. 
The charge-transfer bands, observed with the Cary 14 spectrophotometer, 
are as follows: iBugAlQ, 38OO &; JLBugGaQ, 4100 fi; and ,iBu2InQ, 38OO &.
FIGURE 13. Diamagnetic anisotropy of the metal-nitrogen bond.
FIGURE 1)
Carbonyl
Dialky lmetal-iM- qui nolinolate
(+) Zone - shielding, (-) Zone = deshielding
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This agrees with the order of magnitude of the ionization potentials 
of the three metals (Table XXXIl).
TABLE XXXII 
IONIZATION POTENTIALS, ev23
Element 1 st 2 nd
Al 5.98 1 8 .8 2
Ga 6 .00 2 0.J+3
In 5.79 18.79
Charge-transfer bands have been reported for some four- 
coordinate beryllium alkyl complexes of bipyridyl.26 These complexes 
range in color from yellow to red. Coates explains the charge trans­
fer bonds to be excited sigma-bond electrons of the beryllium-carbon
ft
bond transferred to the j>TT orbitals of the bipyridyl ligand. The 
electronic bonding systems for these compounds are different from 
those for the dialkylmetal-8-quinolinolates because of the size and 
electronegativity differences between beryllium and the Group IIIA 
metals; therefore, the mechanism for charge-transfer in the beryl­
lium complexes will not be identical for those of the Group IIIA 
metal complexes.
The trend of chemical shifts of the H2 proton (Table XXXIII) 
correlates well with the ionization potentials, the electronegativities, 
and the covalent radii of the atoms.
First, both higher ionization potentials and greater electro­
negativities facilitate double bonding between the nitrogen atom and
1',’,
the gallium atom to a greater degree compared to that between the 
nitrogen atom and the aluminum atom, and nitrogen atom and the indium 
atom. Secondly, the gallium orbitals may have just the correct size 
to produce a better overlap of the nitrogen jgrf orbital.
TABLE XXXIII 
CHEMICAL SHIFT OF THE H2 8-QUINOLINOLATE PROTON
Complex H2 Chemical Shift
jLBusAlQ S . k k
Et2GaQ 7.61
_iBu2GaQ 7 .6 8
_iBu2InQ 8 .2 5
8-quinolinol 8 .5 0
A final comparison between the alpha alkyl protons of the 
8-quinolinolate complexes, the piperidine monomers, the piperidine 
dimers and the free metal alkyls provides some interesting information. 
Only the ligand system is varied in this comparison. For example, ReM- 
8-quinolinolate has oxygen and nitrogen coordinated to the metal, 
whereas the piperidine dimer has two nitrogens coordinated to the 
metal. The piperidine monomer coordinates the metal with only one 
nitrogen atom and the free metal alkyl has no ligand coordinating the 
metal. The observed trend indicates the alpha alkyl protons are de- 
shlelded in the order of R^IQ > R3M > (R^IPipOs > RaMPip with few 
exceptions (Table XXXIV). This trend can be explained in the following 
manner. The alpha alkyl protons are inductively influenced by any 
changes of electron density on the metal. The alpha alkyl proton
TABLE XXXIV
EFFECT OF THE LIGAND UPON a ALKYL PROTON CHEMICAL SHIFTS 
AS (PPM): + = deshielded, - = shielded
Me3AlPip
(MeaAlPip^g
MegAl
MeaAlQ
Et3AlPip
(EtsAlPip/)2
Et3Al
EtgAlQ
i^BusAlPip
(jLBusAlPip'Js
j-BusAl
iJJujaAlQ
Et3GaPip
(Et^aPip'Jg
Et3Ga
EtgGaQ
JLBu3GaPip
(jlBuaGaPip'Js
iBu3Ga
^BugGaQ
-0.67)
-0 .45):
-0 .36):
-0.95)
-0 .I8)
•10.0 8):
+0 .29):
+0 .78)
+0 .0 6) 
HO. 27): 
+0 .30): 
HO.Ul)
HO. 17) 
HO. 57): 
HO. 5*0 
HO. 83)
HO.h2) 
H0.1I5): 
HO.80): 
HO.83)
> A6 “ HO.13p- AS = HO.18
3- A6 *= -0 .5 9
;> A6 » HO.263- AS » HO.213- A6 = +0.1*9
3- A6 = +0 .2 1> A6 = +0 .0 3
3- A6 = +0 .1 1
j- A6 = +o.ho
3- A6 = -0 .0 33- A6 » +0 .2 9
3- A6 - HO.03> AS = HO.353- AS - HO.03
*NMR of MegAl-8-Q taken in hexamethylphosphorictriamide; 
comparison with others is not valid
chemical shifts of the free metal alkyls were chosen as a reference. 
With the chemical shifts of the metal alkyls as a reference, an ex­
planation of the chemical shifts of the complexes can be made. The 
alpha alkyl proton chemical shifts of piperidine monomers are the most 
shielded of the complexes with respect to those of the free metal 
alkyls. The monomers have one nitrogen donating electrons to the 
metal; however, as in all of the complexes, the metal is not electro­
negative enough to keep the additional electron density from induc­
tively building up at the more electronegative alpha carbon. This 
causes shielding of the alpha protons. The same situation is present 
in the piperidine dimers and the 8-quinolinolate complexes; however, 
these complexes have replaced one of the alkyl groups with a covalently 
bonded nitrogen or oxygen atom, respectively. The replacement of one 
of the alkyl groups by the more electronegative nitrogen or oxygen 
atom causes the electron density at the two remaining alpha carbon 
positions to be decreased inductively while the electrons are dis­
placed towards the nitrogen or the oxygen orbitals. This decrease of 
electron density at the alpha carbon atoms results in deshielding pro­
portional to the electronegativity of the covalently bonded ligand 
atom attached to the metal atom. Therefore, the covalently bound 
nitrogen atom of the piperidine dimers would cause less deshielding 
than the covalently bonded oxygen of the 8-quinolinolates.
Because of the high electronegativity of the covalently bound 
oxygen atom in the 8-quinolinolate ligand, the alpha protons are actu­
ally deshielded in comparison with the free metal alkyl. This de­
shielding indicates that the oxygen has more than compensated for the 
excess electron density donated by the ligand nitrogen".
CHAPTER IV 
CONCLUSION
This research is a comprehensive study of the complexes 
formed by some Group IIIA me Lai alkyls with mono- and bidentate li­
gands. It has been possible to Isolate and characterize these new 
complexes as well as to determine some of their physical properties.
The order of Lewis acid strength of the metal alkyls has 
been confirmed by NMR and infrared spectroscopy to be Al > Ga > In. 
Molecular weights of the piperidine dimers and the dialkylmetal-8- 
quinolinolates have been determined from their mass spectra. From 
the same mass spectra, fragmentation patterns for nearly every one of 
these complexes have been postulated. The shifts of the (N-H)\7 in 
the infrared spectra have defined the order of strength of the ligand 
metal bonding to be Al > Ga > In when only the metal is varied and 
Me > Et > jLBu when only the alkyl group is varied. In the dialkylmetal 
8-quinolinolate complexes, the charge-transfer bands correlate well 
with the ionization potentials of the metals; thus lower energy charge- 
transfer bands of the gallium complex can be explained. The metal- 
nitrogen, partial double bond explains the unusual direction of the 
Hg quinolinolate proton chemical shift.
NMR spectroscopy has proven to be a very useful technique 
in elucidating structures and in determining inductive and field ef­
fects. Integration of the resonance signals has given the relative 
number of each type of signals in the complex. Decoupling of the 8- 
quinolinolate protons allowed assignment of these protons. Several
138
1 w
inductive and field-effect trends have been observed when the NMR 
spectra of the complexes have been compared. With these trends, it 
was possible to deduce the Lewis acidity of the metal alkyls, the 
polarity of the metal-carbon bonds induced by electronegativity dif­
ferences between the carbon and metal atom, the effect of the electro­
negativity interaction of the metal and ligand donor atoms, and the 
differences in stability (susceptibility of the complexes to nucleo- 
philic or electrophilic attack) caused by the different coordination 
systems.
The reactions to form complexes of the metal alkyls with li­
gands having more than two donor atoms were attempted, but the products 
could not be characterized. Dimethylglyoxime, which has two acidic 
0-H hydrogens, was used to complex triethylgallium. The resulting 
white crystalline product would not dissolve in any common solvent, 
thus further study was abandoned. An attempt was made to complex tri­
ethylgallium with a,a-dipyridyl; however, the burgundy-colored crys­
tals were so unstable that they decomposed when the solvent was re­
moved. The two nitrogen atoms of this ligand, having no displaceable 
acidic hydrogens, can not form covalent bonds with the metal and thus 
stabilize the complex. However, a similar complex has been prepared 
with triethylaluminum.13 If the a,«-dipyridyl complex of triethyl­
gallium could be isolated, the gallium atom would be five-coordinate.
The presence of the vacant outer non-bonding orbitals of 
the metal atoms of the metal alkyls suggests that carbon monoxide 
might coordinate directly to the metal similar to the case of boron 
halides and hydrides.27 A high pressure, high temperature bomb has
been constructed for studies to be carried out on this possible re­
action.
The synthesis of a ring compound with gallium as a member 
of the ring has been attempted in these laboratories. Such a com­
pound has been synthesized with aluminum as a member of the ring.28
The chemistry of the lower Group IIIA metal alkyls has not 
been studied extensively and should provide a fruitful field of en­
deavor with the use of techniques developed in this particular study.
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